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ABSTRACT
We present new Hubble Space Telescope/Wide Field Camera 3 imaging of 25 ex-
tremely luminous (−23.2≤MUV .−21.2) Lyman-break galaxies (LBGs) at z' 7. The
sample was initially selected from 1.65 deg2 of ground-based imaging in the UltraV-
ISTA/COSMOS and UDS/SXDS fields, and includes the extreme Lyman-α emitters,
‘Himiko’ and ‘CR7’. A deconfusion analysis of the deep Spitzer photometry available
suggests that these galaxies exhibit strong rest-frame optical nebular emission lines
(EW0(Hβ + [OIII]) > 600A˚). We find that irregular, multiple-component morpholo-
gies suggestive of clumpy or merging systems are common ( fmulti > 0.4) in bright z' 7
galaxies, and ubiquitous at the very bright end (MUV < −22.5). The galaxies have
half-light radii in the range r1/2 ∼ 0.5–3kpc. The size measurements provide the first
determination of the size-luminosity relation at z ' 7 that extends to MUV ∼ −23.
We find the relation to be steep with r1/2 ∝ L1/2. Excluding clumpy, multi-component
galaxies however, we find a shallower relation that implies an increased star-formation
rate surface density in bright LBGs. Using the new, independent, HST/WFC3 data
we confirm that the rest-frame UV luminosity function at z ' 7 favours a power-law
decline at the bright-end, compared to an exponential Schechter function drop-off.
Finally, these results have important implications for the Euclid mission, which we
predict will detect > 1000 similarly bright galaxies at z ' 7. Our new HST imaging
suggests that the vast majority of these galaxies will be spatially resolved by Euclid,
mitigating concerns over dwarf star contamination.
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1 INTRODUCTION
The study of extremely high-redshift galaxies provides key
insight into the earliest stages of galaxy evolution. Over the
last decade, the observational frontier has extended well into
the first billion years of the history of the Universe, with hun-
dreds of Lyman-break galaxies (LBGs) now known at z> 6
(e.g. Bouwens et al. 2015; Finkelstein et al. 2015; Bowler
et al. 2014; McLure et al. 2013), and samples extending to
z ' 9 (e.g. Oesch et al. 2014; McLeod et al. 2016). The se-
lection of z> 6.5 LBGs requires deep near-infrared imaging
to detect the rest-frame UV emission as it is redshifted be-
yond λobs ∼ 1µm. As a consequence the field has expanded
rapidly since the installation of the Wide Field Camera
3 (WFC3) on the Hubble Space Telescope (HST) in 2009,
through deep optical and near-infrared surveys from HST
such as the Ultra Deep Field (UDF; Beckwith et al. 2006;
? E-mail: rebecca.bowler@physics.ox.ac.uk
Ellis et al. 2013; Illingworth et al. 2013), the Cosmic Ori-
gins Deep Extragalactic Legacy Survey (CANDELS; Gro-
gin et al. 2011; Koekemoer et al. 2011), the Cluster Lens-
ing and Supernova Survey with Hubble (CLASH; Postman
et al. 2012), and the Frontier Fields program (HFF; PI Lotz).
However, despite their success, these HST surveys have only
sampled relatively small cosmological volumes (covering at
most ∼ 0.2deg2 on the sky) and therefore provide samples
dominated by sub-L∗ galaxies. Instead, wide-area ground-
based imaging, such as the UK Infrared Telescope (UKIRT)
Ultra Deep Survey (Lawrence et al. 2007) and the UltraV-
ISTA survey (McCracken et al. 2012), which cover several
square degrees on the sky, have led the way in the selec-
tion of the brightest known z > 6 galaxies (Bowler et al.
2012, 2014, 2015; Willott et al. 2013). Combined, these imag-
ing campaigns have revolutionised our understanding of the
luminosity functions (e.g. Bouwens et al. 2015; Finkelstein
et al. 2015; Bowler et al. 2015; McLure et al. 2013) and
stellar populations (e.g. Bouwens et al. 2014; Rogers et al.
2014; Dunlop et al. 2013) of LBGs from z = 6 to z = 8. A de-
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tailed size and morphological analysis of high-redshift galax-
ies however, has been confined to samples of fainter LBGs
detected by HST/WFC3, simply due to the compact na-
ture of these galaxies when compared to the typical see-
ing of ground-based near-infrared observations (typical full-
width at half-max, FWHM ' 0.8-arcsec). Even with the su-
perior resolution of HST (FWHM ' 0.2 arcsec), size mea-
surements of high-redshift galaxies are challenging, with typ-
ical LBGs at z> 6 showing half-light radii of r1/2 < 0.5 kpc
(< 0.1arcsec; Kawamata et al. 2015; Ono et al. 2013; Oesch
et al. 2010). Nevertheless, the evolution in galaxy size from
z ' 4 to z ' 1 has now been reasonably well constrained by
several studies (e.g. Bouwens et al. 2006; Mosleh et al. 2011),
which have shown a strong evolution in the typical sizes of
faint (L < L∗) LBGs during this period. From z = 4 – 8 the
size evolution is less certain and can depend strongly on the
selection procedure (e.g. Grazian et al. 2012; Huang et al.
2013, and see the discussion of selection effects in the work
of Shibuya et al. 2015a in Curtis-Lake et al. 2016) and the
definition of the ‘typical’ galaxy size.
In addition to charting the evolution in the galaxy size
with redshift, another key constraint on the formation mech-
anisms of galaxies comes from the observed size-luminosity
or size-mass relation (Shen et al. 2003). A size-mass re-
lation has been claimed to exist up to z ' 4 (Law et al.
2012), suggesting an early onset to the key astrophysical
processes thought to impact the relation, such as feedback
and/or mergers (e.g. Lacey et al. 2016). At z> 4 however, the
masses derived from SED fitting become significantly more
uncertain and the relation has yet to be confirmed (Mosleh
et al. 2011). Instead, at the highest redshifts, the corre-
lation between rest-frame UV luminosity and size is fre-
quently measured. At z ' 7, studies of the sizes of galaxies
in the UDF (Ono et al. 2013; Oesch et al. 2010) and CAN-
DELS (Curtis-Lake et al. 2016; Shibuya et al. 2015a; Grazian
et al. 2012) have shown evidence for a size-luminosity rela-
tion, however there are still large uncertainties in the derived
slope, due in-part to the limited dynamic range available
from the small area surveys studied. For the brightest galax-
ies at z ' 6–7, measurements from the ground-based imag-
ing used to select them has hinted at larger sizes (Willott
et al. 2013; Bowler et al. 2014), however the uncertainties
have been too large to place strong constraints on the size-
luminosity relation.
While measurements of size as a function of redshift and
luminosity can provide a broad overview of the build-up of
galaxies with time, a morphological analysis can reveal fur-
ther details about the formation mechanisms. A disturbed
or irregular shape is often attributed to a merger or interac-
tion, however simulations of early galaxies formation predict
that star-forming galaxies at high-redshift should also con-
tain large star-forming clumps due to the increased gas con-
tent and density (e.g. Dekel & Burkert 2014; see discussion
in Guo et al. 2015). At lower redshift, the fraction of star-
forming galaxies with disturbed morphologies is observed to
rise (Talia et al. 2014; Tasca et al. 2009), with 30−60 percent
showing irregular or multiple components at z ∼ 2–3 (Law
et al. 2012; Ravindranath et al. 2006). Work at z ' 6 sug-
gests that this trend continues to the highest redshifts, with
40 -50% of the brightest galaxies (MUV < −20.5) showing a
disturbed, clumpy morphology (Jiang et al. 2013b; Willott
et al. 2013). At z' 7 the morphology of the brightest LBGs
is uncertain due to the lack of high-resolution near-infrared
imaging of these rare galaxies, however there have been
hints of highly clumpy systems from the detailed study of
two extremely bright Lyman-α emitters (LAEs) nicknamed
‘Himiko’ (Ouchi et al. 2009) and ‘CR7’ (Sobral et al. 2015).
Both of these LAEs are also bright in the rest-frame UV
continuum (mAB ∼ 25), where they appear to consist of mul-
tiple components in high-resolution HST/WFC3 imaging,
suggestive of a merging system (Ouchi et al. 2013). Despite
the intense study of these galaxies, with only two objects
it is unclear whether the extended clumpy morphology ob-
served is typical for all bright star-forming galaxies at z' 7
or is exclusive to strong Lyman-α emitters.
Our recent detection of a sample of extremely bright
LBGs at z ' 7 (Bowler et al. 2012, 2014) provides an ideal
sample with which to investigate the sizes and morphologies
of the brightest galaxies at high-redshift. Selected from the
1.65deg2 of optical/near-infrared imaging provided by the
UltraVISTA/Cosmological Origins Survey (COSMOS) and
UKIDSS UDS/ Subaru XMM-Newton Deep Survey (SXDS)
fields, the sample of 34 galaxies at z' 7 contains the bright-
est (MUV < −22) known galaxies at this epoch. In contrast
to the narrow-band selected Lyman-α emitters ‘Himiko’ and
‘CR7’, our sample was selected based on the rest-frame UV
continuum luminosity via the Lyman-break technique and
hence provides the first magnitude limited sample of z ' 7
star-forming galaxies. The sample allowed the very bright
end of the rest-frame UV luminosity function (LF) be de-
termined robustly for the first time, showing that the num-
ber counts of galaxies do not decline as rapidly as predicted
by the commonly assumed Schechter function, and rather a
double-power law (DPL) provides a good description of the
bright-end at z' 7. When compared to the LF at z = 5 and
z = 6, the derived LF using the ground-based data at the
bright end showed evidence for evolution around the knee
of the function (Bowler et al. 2015), in contrast to other
works based exclusively on HST fields (Bouwens et al. 2015;
Finkelstein et al. 2015). To unveil the sizes and morpho-
logical properties of the brightest LBGs at z ∼ 7, targeted
follow-up of ground-based samples with HST is essential,
and in this paper we present the results of our HST/WFC3
Cycle 22 campaign to provide the first high-resolution data
for the Bowler et al. (2012, 2014) objects. The results of
this analysis provide the first magnitude limited study of a
sample of z' 7 LBGs extending from L' 2.5L∗ to L> 10L∗
with HST/WFC3.
The structure of this paper is as follows. In Section 2
we describe the ground based and HST/WFC3 data uti-
lized in this study. The initial results of the HST follow-up
are described in Section 3, where we discuss a newly iden-
tified cross-talk artefact identified in the VISTA/VIRCAM
data. The final sample properties, visual morphologies and
the derived merger fraction are discussed in Section 4, where
we also present the results of a deconfusion analysis of the
available Spitzer data. In Section 5 we calculate an up-
dated luminosity function derived from the Bowler et al.
(2014) sample. The galaxy sizes and size-luminosity rela-
tion are presented in Section 6, and in Section 7 we discuss
the nature of the bright LBGs in our sample. We end with
our conclusions in Section 8. We assume a cosmology with
H0 = 70kms−1Mpc−1, Ωm = 0.3 and ΩΛ = 0.7. In this cosmol-
ogy, one arcsec corresponds to a physical size of 5.5kpc and
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5.2kpc at z= 6.5 and z= 7.0 respectively. All magnitudes are
quoted in the AB system (Oke 1974; Oke & Gunn 1983).
2 OBSERVATIONS AND DATA REDUCTION
In Table 1 we show the coordinates of the galaxy candidates
analysed in this work and the origin of the HST/WFC3 data
for each object. The sample of bright z' 7 LBGs was selected
initially in Bowler et al. (2014), and the majority of the HST
data was obtained as part of our Cycle 22 WFC3 imag-
ing program. For reference, we present the key ground- and
space-based photometric filters used in this work in Fig. 1.
2.1 Initial galaxy sample
In Bowler et al. (2014) we utilized the ground-based datasets
in the UltraVISTA/COSMOS and UDS/SXDS fields. The
available datasets for the field are described in detail in Sec-
tion 2.5 below, and consist of multi-band photometry from
the optical to the near-infrared, including crucially deep z, Y ,
J, H and K band observations which allow a robust selection
of z' 7 LBGs. The galaxy samples were selected in a stacked
Y +J image in the UltraVISTA/COSMOS dataset, with the
requirement that mY < 25.8 or mJ < 25.4 (in a 1.8 arcsec
diameter circular aperture). For the UDS/SXDS field the J-
band imaging was used for selection, with the requirement
that mJ < 25.7 and that the Y -band flux exceeded the two-
sigma limit (mY < 25.8). The different selection conditions in
the UDS/SXDS field were driven by the shallower Y -band
imaging available, which is necessary for the robust iden-
tification and removal of contaminant low-redshift galaxies
or galactic brown dwarfs. This condition ultimately resulted
in significantly fewer LBGs selected in this field (4 in the
UDS/SXDS, 30 in UltraVISTA/COSMOS). After the initial
magnitude cuts, we also required a non-detection at the 2–σ
level in the optical bands blue-ward of the z-band. The final
sample of high-redshift candidates was then selected using
a spectral-energy distribution (SED) fitting analysis, using
the photometric redshift fitting code Le Phare (Arnouts
et al. 1999; Ilbert et al. 2006). Full details of the photomet-
ric redshift fitting procedure are available in Bowler et al.
(2014), however in brief we fitted Bruzual & Charlot (2003)
models with exponentially rising τ star-formation histories
(SFHs), assuming the Calzetti et al. (2000) dust law with
a range of rest-frame V-band attenuation (0.0 < AV ≤ 4.0).
Two values of metallicities were assumed (Z = 1/5Z and
Z = 1Z) and absorption by intergalactic neutral Hydrogen
along the line-of-sight was applied using the Madau (1995)
prescription. In addition, we also fitted models that included
a Lyman-α emission line in the galaxy template (with rest-
frame equivalent width, EW0, of up to 240A˚), and included
galaxies in our final sample that could be at z > 6.5 with
the addition of Lyman-α in the SED. In addition to galaxy
templates, we also fit with brown dwarf standard spectra to
exclude cool galactic sub-stellar objects as contaminants in
our sample.
The result of this analysis was a sample of 34 candidate
LBGs with photometric redshifts in the range 6.0< z< 7.5.
The sample included the z = 6.6 LAE ‘Himiko’ (Ouchi et al.
2009), which was reselected as a lower redshift LBG (z∼ 6.4)
using our broad-band data. The galaxies were in the lumi-
nosity range −23.0 < MUV < −21.2 in the rest-frame UV,
with star-formation rates of SFR∼ 10–50M/yr and stellar
masses of M?∼ 1010M. An analysis of the sizes of the galax-
ies in the ground-based data showed that over half appeared
resolved under ground-based seeing (FWHM ' 0.8 arcsec),
suggesting half-light radii in excess of 1.5kpc for the bright-
est galaxies when assuming a single Se´rsic profile (Bowler
et al. 2014).
2.2 Follow-up observations with HST/WFC3
Observations with HST/WFC3 of the 17 brightest z ' 7
galaxies selected in Bowler et al. (2014) were awarded in
Cycle 22 for the General Observer program ID 13793 (PI
Bowler). The sub-sample chosen for HST follow-up was re-
quired to have MUV .−21.5 and 6.5< zphot < 7.5 (assuming
no Lyman-α emission). These conditions resulted in an ini-
tial sample of 20 of the 34 galaxies from Bowler et al. (2014)
proposed for observation. Of this sample, HST/WFC3 imag-
ing already existed for three objects taken as part of the
CANDELS survey, and hence 17 objects were targeted for
imaging. As the galaxies are widely separated on the sky,
17 individual pointings were required. In fact, two addi-
tional Bowler et al. (2014) galaxies were serendipitously cov-
ered by our HST/WFC3 pointings, ID170216 (primary tar-
get for that orbit was ID169850), and ID 328993 (primary
target ID304384). Hence, our HST/WFC3 follow-up pro-
vides high-resolution imaging of 19 LBGs from Bowler et al.
(2014) as presented in Table 1.
The observational requirements were to obtain a signal-
to-noise S/N > 15 for the faintest object in our sample, to
ensure a reliable size estimate (Ono et al. 2012; Mosleh
et al. 2012). In addition, the high signal-to-noise threshold
substantially improves our sensitivity to individual, fainter,
components in the case that the galaxy fragments un-
der HST resolution (e.g. for objects similar to ‘Himiko’ that
appear as three separate components in HST imaging; Ouchi
et al. 2013). We obtained imaging to a single orbit depth
for each object, using the wide F140W (hereafter JH140; see
Fig. 1) filter to maximise the S/N in the rest-frame UV.
The observations were spread through the cycle and taken
from November 2014 to December 2015. Each orbit was split
into four separate exposures of ' 650 seconds, using a simple
box dither pattern for improved point-spread function (PSF)
reconstruction. The SPARS50 sample rate was used with
NSAMP = 14 to ensure a high number of non-destructive
reads for cosmic ray rejection. The total integration time for
each object was 2612 seconds. The median 5σ depth for the
17 separate pointings of the JH140 filter was mAB = 26.9±0.1
in a 0.6 arcsec diameter circular aperture.
2.3 Data reduction
We reduced the HST/WFC3 data using the standard As-
trodrizzle software to combine the calibrated individual
exposures (the flt files) into a single image. The final pixel
scale was set to 0.06 arcsec/pixel (as in the CANDELS imag-
ing; Koekemoer et al. 2011), and a pix frac of 0.8 was used
to provide optimal reconstruction of the PSF. The astrome-
try of the images was matched to the ground-based imaging
MNRAS 000, 1–25 (2016)
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Table 1. The central coordinates for the full sample of 25 LBGs from Bowler et al. (2014) targeted in this work, with the correspond-
ing HST/WFC3 imaging data available for each object. The majority of the data was obtained from program ID = 13793 (PI: Bowler),
with additional imaging from the CANDELS survey and program ID = 12578 (PI Fo¨rster Schrieber; centred on ‘ZC401925’). The second
to last column details the sub-sample of each object, with ‘P’ denoting the primary sample consisting of LBGs from the Bowler et al.
(2014) sample with MUV < −21.5 and 6.5 < zphot < 7.5 without Lyman-α emission. Additional galaxies with HST/WFC3 data that were
not in the primary sample are denoted ‘F’ if they were excluded for being too faint, and/or ‘L’ if the photometric redshift only exceeds
z = 6.5 when Lyman-α emission is included in the SED fitting.
Object ID R.A.(J2000) Dec.(J2000) Dataset Sample Notes.
UVISTA-136380 09:59:15.89 +02:07:32.0 Bowler (O1) P
UVISTA-28495 10:00:28.13 +01:47:54.4 Bowler (O2) P
UVISTA-268511 10:00:02.35 +02:35:52.4 Bowler (O3) P Likely cross-talk artefact (see Section 3.2)
UVISTA-268037 09:59:20.69 +02:31:12.4 Bowler (O4) P Likely cross-talk artefact (see Section 3.2)
UVISTA-65666 10:01:40.69 +01:54:52.5 Bowler (O5) P
UVISTA-211127 10:00:23.77 +02:20:37.0 CANDELS P zspec = 7.154 (Stark et al. 2017)
UVISTA-137559 10:02:02.55 +02:07:42.0 Bowler (O6) P Likely cross-talk artefact (see Section 3.2)
UVISTA-282894 10:00:30.49 +02:33:46.3 Bowler (O7) P
UVISTA-238225 10:01:52.31 +02:25:42.3 Bowler (O8) P
UVISTA-305036 10:00:46.79 +02:35:52.9 Bowler (O9) P
UVISTA-35327 10:01:46.18 +01:49:07.7 Bowler (O10) P
UVISTA-304416 10:00:43.37 +02:37:51.6 Bowler (O11) P
UVISTA-185070 10:00:30.19 +02:15:59.8 CANDELS P
UVISTA-169850 10:02:06.48 +02:13:24.2 Bowler (O12) P Primary target for orbit 12
UVISTA-170216 10:02:03.82 +02:13:25.1 Bowler (O12) F Additional LBG imaged in orbit 12
UVISTA-304384 10:01:36.86 +02:37:49.2 Bowler (O13) P Primary target for orbit 13
UVISTA-328993 10:01:35.33 +02:38:46.3 Bowler (O13) LF Additional LBG imaged in orbit 13
UVISTA-279127 10:01:58.50 +02:33:08.5 Bowler (O14) P
UVISTA-104600 10:00:42.13 +02:01:57.1 Bowler (O15) P
UVISTA-268576 10:00:23.39 +02:31:14.8 CANDELS P
UVISTA-271028 10:00:45.17 +02:31:40.2 CANDELS L
UVISTA-30425 10:00:58.01 +01:48:15.3 ZC401925 L LAE ‘CR7’ (Sobral et al. 2015)
UDS-35314 02:19:09.49 –05:23:20.6 Bowler (O16) P
UDS-118717 02:18:11.50 –05:00:59.4 Bowler (O17) P
UDS-88759 02:17:57.58 –05:08:44.8 CANDELS L LAE ‘Himiko’ (Ouchi et al. 2009)
(using a J-band selected catalogue) using the IRAF pack-
age CCMAP to account for the astrometric offsets due to
errors in the guide star positioning (typically 0.1–0.5arcsec
for our data). A zeropoint of 26.452 was assumed for the
JH140 data.1
2.4 Pre-existing HST imaging
A subset of the initial Bowler et al. (2014) sample lies
within HST data obtained as part of the CANDELS sur-
vey, and hence no pointed observations were made of these
objects as part of our proposal. We used the most recent
data reductions of the CANDELS data described in Koeke-
moer et al. (2011), with a pixel scale of 0.06 arcsec/pixel.
The CANDELS imaging in the UDS and COSMOS fields
was taken as part of the ‘wide’ component of the survey,
which provided WFC3 data over 4×11 tiles (one pointing of
WFC3, area ' 4.5arcmin2) in the centre of both fields. The
total area of each CANDELS field in the UDS and COSMOS
was approximately 200arcmin2, with observations taken for
2/3 of an orbit in the J125 filter and 4/3 of an orbit in the H160
filter. To facilitate a more straightforward comparison to the
JH140 data available for the majority of the sample, we cre-
ated an inverse variance weighted stack of the J125 and H160
1 http://www.stsci.edu/hst/wfc3/phot_zp_lbn
data which was used in all subsequent analysis. Zeropoints
were taken as mAB = 26.25 and mAB = 25.96 from Koeke-
moer et al. (2011). The 5σ depths in the two filters were
mAB = 26.9 (0.6 arcsec diameter aperture) consistent with
previous measurements (McLure et al. 2013), with the depth
in the JH stack reaching mAB = 27.2.
To provide a complete analysis of the available HST
data for the Bowler et al. (2014) sample, we also include
the HST/WFC3 imaging of the Lyman-α emitted galaxy
nicknamed ‘CR7’ studied in detail by Sobral et al. (2015).
The LAE was initially selected by Bowler et al. (2012, 2014),
however was excluded from our HST/WFC3 imaging pro-
gram as the photometric redshift (without Lyman-α) was
z< 6.5. The object was followed-up spectroscopically by So-
bral et al. (2015), who selected it based on narrow-band
photometry, revealing the object to be a strong Lyman-α
emitter at zspec = 6.604. As presented in Sobral et al. (2015),
‘CR7’ has been imaged by HST/WFC3 serendipitously, in
a program designed to target massive star-forming galaxies
at z= 2 (PI: Fo¨rster Schreiber, ID 12578). The imaging con-
sisted of one orbit in the YJ110 band, and two in the H160
band, centred on object ZC401925. We performed our own
reduction of the data, following the methodology described
above in Section 2.3. We excluding one of the H160 orbits
available which poorly overlaps with ‘CR7’. The images were
registered onto the same pixel scale using the Astrodriz-
zle program tweakreg. The data reached a 5σ depth of
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Figure 1. A comparison of the key filter transmission curves
from HST (top) and the ground-based datasets (bottom) used in
this work, restricted to the wavelength range λ = 0.6–1.9µm. The
upper panel shows the HST/WFC3 filters used primarily in this
work to determine the rest-frame UV sizes (JH140), compared with
those available in the CANDELS survey (J125 and H160) and in
archival imaging of ‘CR7’ (YJ110 and H160). The lower panel shows
a selection of the ground-based filters used (in this wavelength
range) for comparison. Here the near-infrared filters are from the
VISTA telescope, the i-band is from CFHT and the z′-band is
from Subaru. Note that the UKIRT J and H band transmission
curves are very similar to the VISTA profiles (as shown in figure
1 of Bowler et al. 2015). Two example model SEDs are plotted
at z = 6.5 and z = 7.5. The models were taken from the Bruzual &
Charlot (2003) library, with an age of 100Myr a τ = 50Myr, AV = 0.1
and a Lyman-α emission line with EW0 = 10A˚. IGM absorption
has been applied assuming the Madau (1995) prescription.
mAB = 27.4 in the YJ110 filter, and mAB = 26.6 in the H160
imaging (0.6 arcsec diameter circular apertures).
Finally, we utilize the high-resolution HST/Advanced
Camera for Surveys (ACS) I814-band imaging available for
the sample as a reference high-resolution optical image. Sin-
gle orbit depth imaging in the I814 band is available in the full
2deg2 COSMOS field (Koekemoer et al. 2007; Scoville et al.
2007; Massey et al. 2010) and within the CANDELS COS-
MOS and UDS ‘wide’ fields to a 5σ depth of mAB = 27.2(27.6)
in a 0.6(0.4) arcsec diameter circular aperture.
2.5 Ground-based optical and near-infrared data
The UltraVISTA/COSMOS and UDS/SXDS fields contain
a wealth of data from the optical to near- and mid-infrared,
which makes them ideal fields for the study of high-redshift
galaxies. In the UltraVISTA/COSMOS field the optical
imaging was obtained from the T0007 release of the Canada-
France-Hawaii Legacy Survey (CFHTLS field D1, u∗griz fil-
ters), and in the UDS/SXDS field from the SXDS survey
with the Subaru/Suprime-Cam (Furusawa et al. 2008). Ad-
ditional deeper z′-band imaging than these surveys was ob-
tained in both fields from Subaru/Suprime-Cam ( Furusawa
et al. 2016; see Bowler et al. 2014 for details). In the near-
infrared, YJHKs photometry is provided in the COSMOS
field as part of the third data release of the UltraVISTA
survey (McCracken et al. 2012). The UltraVISTA data con-
sists of a shallower component that covers the 1.5deg2, and
four strips that form the ‘ultra-deep’ part of the survey
and extend ∼ 1mag deeper. The resulting 5σ depths from
the DR3 ‘ultra-deep’ data are as follows Y = 26.1, J = 25.9,
H = 25.5, Ks = 25.4 for the deepest strip, with the other
strips being shallower by δm = 0.1–0.2mag. In the gaps be-
tween these ‘ultra-deep’ strips, the data reaches Y = 25.2,
J = 24.9, H = 24.5, Ks = 24.2 uniformly over the image. In
the UDS/SXDS field we utilise the DR10 of the UKIRT In-
frared Deep Sky Survey UDS program, which provides JHK
imaging. The Y -band data is provided by the VISTA Deep
Extragalactic Observations Survey (VIDEO; Jarvis et al.
2013). In this paper we exploit the most recent data release
of VIDEO, which extends 0.5mag deeper than that analysed
previously in Bowler et al. (2014), reaching a 5σ depth of
mAB = 25.3 (1.8 arcsec diameter circular aperture).
2.6 Spitzer/IRAC data
We utilize deep imaging in the mid-infrared (or rest-frame
optical at z ' 7) from the Spitzer Space Telescope In-
frared Array Camera (IRAC) taken as part of the Spitzer
Extended Deep Survey (SEDS; Ashby et al. 2013) and
the Spitzer Large Area Survey with Hyper-Suprime Cam
survey (SPLASH; Steinhardt et al. 2014). The SPLASH sur-
vey provides ∼ 1200 hours of IRAC data in the [3.6µm] and
[4.5µm] bands, covering the full COSMOS/UltraVISTA and
UDS/SXDS ground-based fields used in this work. We cre-
ated a mosaic from the calibrated Level 2 files, which were
downloaded from the Spitzer Heritage Archive. Each image
was astrometrically matched to the ground-based K-band
image in each field, using the IRAF package CCMAP and
background-subtracted using SExtractor. The processed
exposures from SPLASH where then combined into a single
mosaic including the SEDS data using Swarp. The final im-
ages had 5σ depths of [3.6µm]= 25.3 and [4.5µm]= 25.1 in
a 2.8 arcsec diameter circular aperture.
To fully exploit the SPLASH data, in particular in cases
where nearby low-redshift galaxies contaminate the IRAC
imaging of the high-redshift galaxy of interest, we performed
a deconfusion analysis. A full description of the methodology
can be found in McLeod et al. (2015), however we briefly
describe the steps here. We used TPHOT (Merlin et al.
2015) to perform the deconfusion, using the ground-based J
or K band images as the high-resolution input data. Models
of the galaxy surface brightness distribution were created
from this input image, and then convolved with a transfer
kernel to match the resolution of the Spitzer/IRAC data
(FWHM ' 2 arcsec). The model galaxies are then fitted to
the observed Spitzer/IRAC data by simultaneously varying
the flux of each galaxy to provide the best fit. Errors on the
resulting photometry were calculated from the RMS map
produced in TPHOT.
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3 INITIAL RESULTS
In Bowler et al. (2014), we presented a sample of 34
LBGs at z ' 7, selected from 1.65deg2 of deep ground-
based optical and near-infrared data in the UltraV-
ISTA/COSMOS and UDS/SXDS fields. Combining our new
Cycle 22 HST/WFC3 data, the data available from CAN-
DELS and archival imaging (PI Fo¨rster Schreiber), we
present in this paper HST/WFC3 imaging for 25 galax-
ies. Of these 25 LBGs, 17 were targeted in our Cycle
22 HST/WFC3 proposal, which also serendipitously cov-
ers two fainter Bowler et al. (2014) galaxies. In addition we
include HST/WFC3 imaging for 5 LBGs that lie within the
CANDELS imaging and archival data (PI Fo¨rster Schreiber)
that exists for a further object in the Bowler et al. (2012,
2014) sample (‘CR7’). The LAE ‘CR7’ was initially selected
in Bowler et al. (2012) and again in the deeper UltraVISTA
DR2 data in Bowler et al. (2014), and has been confirmed
to be a strong narrow-band emitter by Sobral et al. (2015).
We checked the MAST archive to ensure no other serendip-
itous imaging existed for our sample.2 In total therefore,
we present a complete analysis of the HST/WFC3 imaging
available for the sample presented in Bowler et al. (2014),
which includes the LAEs ‘Himiko’ and ‘CR7’, comprising
data for 25 of the 34 ground-based selected z ' 7 galaxies.
As shown in Table 1, the majority of the sample (20/25 ob-
jects) have MUV < −21.5 and zphot > 6.5 without Lyman-α
emission (according to the Bowler et al. 2014 values). The
final five objects (two of which are spectroscopically con-
firmed at z = 6.6) are included to provide a complete anal-
ysis of the available HST/WFC3 data for the Bowler et al.
(2014) sample, and also to provide a unique comparison be-
tween bright LAEs and LBGs. These five objects were either
slightly too faint to be included in the primary sample above
(ID170216, ID328993), and/or have best-fitting photomet-
ric redshifts in the range 6.0< z< 6.5 without the inclusion
of Lyman-α emission in the SEDs (ID271028, ‘CR7’ and
‘Himiko’). Finally, ID211127 has recently been spectroscop-
ically confirmed to be at zspec = 7.154 by Stark et al. (2017).
Postage-stamp cutouts for the sample are shown in
Fig. 2. The stamps show the HST/WFC3 data compared
to the ground-based near-infrared selection image (Y + J
in the UltraVISTA/COSMOS field and the J-band in the
UDS/SXDS), a stack of the optical data, the Subaru z′-
band imaging in the field and where available, I814 imaging
from HST/ACS. The stamps are 10× 10 arcsec to include
nearby objects and to highlight the improvement in resolu-
tion of the HST imaging, however smaller postage-stamps
(of 3 arcsec across) scaled by surface brightness are shown
in Fig. 5. For three of the orbits obtained in our Cycle 22
program, we found no detection at the expected coordinate
of the LBG candidate. These three objects are shown sepa-
rately in Fig. 3, and are discussed in Section 3.2.
2 For object ID583226 there exists H160 from PID 12990 (PI
Muzzin), with an exposure time of 1062 seconds. The object is
weakly detected in this imaging. However, to ensure a homoge-
neous dataset in terms of wavelength coverage and depth, we
exclude this imaging from our analysis.
3.1 Components at low-redshift
As shown in Fig. 2 and Fig. 5, several of the galaxies selected
as a single object in the ground-based data break-up into
several discrete components with the improved resolution
of HST. To investigate whether these fainter components are
individually consistent with being at z > 6, we utilized the
available deep ground- and space-based optical imaging to
measure the strength of the Lyman-break at each object po-
sition. The majority of the sample is covered by HST/ACS
I814 imaging from either the COSMOS or CANDELS survey
(see Section 2.4), which provides a higher resolution optical
image with which to directly compare our HST/WFC3 re-
sults. The I814-band data reaches a 2σ depth of ∼ 28.6 (0.4
arcsec diameter circular aperture), and hence provides strin-
gent constraints on the I814− JH140 colour. We also visually
inspected a stack of the ground-based optical data avail-
able in each field (u∗gri bands in UltraVISTA/COSMOS,
BVRi in UDS/SXDS), to identify any counterparts visible
at a 2σ limiting depth of mAB > 28 (see table 1 of Bowler
et al. 2014). While the HST/ACS data is formally deeper
than the ground-based optical stack, the ground-based stack
samples a bluer wavelength range (Fig. 1) and the coarser
pixel scale and seeing can highlight low surface-brightness
features in the data (as is evident comparing this image to
the I814 imaging).
As shown in Fig. 2, for the vast majority of our sample
we find no detection in the available optical data. For a small
sub-set however, we find optical detections within 1-arcsec of
the LBG candidate. We find a compact detection in the I814
image at the position of the central galaxy component for
one object in our sample, ID328993, with no detection in the
ground-based optical stack. This detection is consistent with
the low photometric redshift of this object (zphot = 6.11+0.13−0.14)
due to the width of the I814 filter, as shown in Fig. 1, which
extends to ∼ 9000A˚. For five of the galaxies in our sample we
find weak optical detections offset from the central position,
but within r ' 1arcsec of the high-redshift LBG. In three of
these cases (ID136380, ID28495 and ID104600) , the optical
detection is coincident with a faint HST/WFC3 source de-
tected in our initial SExtractor catalogues, and hence we
attribute these sources to low-redshift galaxies close to the
line-of-sight of the central high-redshift LBG. We therefore
mask the faint source to the North of ID136380, one of the
two fainter components of ID28495 (that to the South-East)
and the North-West component of ID104600 in all further
analysis. While the low-redshift objects are extremely faint
for ID136380 and ID28495 (I814 ∼ 27.6), in ID104600 the
companion object is relatively bright (I814 ∼ 27.0) and has
comparable flux to the high-redshift LBG in the deep z′-
band imaging. Hence the photometric redshift of ID104600
(zphot = 6.47±0.07) is likely to be biased low by the additional
z-band flux wrongly attributed to the high-redshift compo-
nent. Finally, two of the ground-based selected objects show
a detection in the optical stack at a radius of ' 1 arcsec from
the central position (ID304384, ID279127), with no counter-
part in the HST/WFC3 data. For these two galaxies, the
detection is of an extremely faint (mAB > 28) object that is
not coincident with the central WFC3 detection and is not
visible at longer wavelengths.
These optical detections show that for 23 percent of
the sample (5/22) we find extremely faint (mAB ≥ 27) low-
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Figure 2. Postage-stamp image cut-outs of the 22 detected galaxies in the sample (the final three objects are presented in Fig. 3 and
discussed in Section 3.2). From left to right we show the HST/ACS I814-band data (if available), the HST/WFC3 J140 or J125 +H160 data
and finally the ground-based Y +J or J-band data. The stamps are ordered by absolute UV magnitude from top left to bottom right, and
are 5×5 arcsec with North to the top and East to the left. The stamps have been scaled linearly with flux, and pixels above the 3σ level
for that stamp have been saturated. The LAE ‘Himiko’ is shown with ID88759. An IR ‘blob’ is visible below object ID170216, which was
not the primary target for that orbit (orbit 12, centred on ID169850).
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redshift galaxies within ' 1arcsec of the central object. Only
for a single object in our sample (ID104600) do we find that
the red-optical and potentially the near-infrared photome-
try has been contaminated by this interloper, hence con-
firming that our z ' 7 LBG selection from ground-based
data is providing a clean sample of genuine high-redshift
galaxies. Excluding the identified faint low-redshift compan-
ions, we find no significant optical flux for the remainder of
the HST/WFC3 detected components of our ground-based
sample, which places strong limits on the optical to near-
infrared colour. For an object measured at the 5σ limit
in the near-infrared, the 2σ limit of the ACS data implies
I814−JH140 > 1.7, therefore excluding a low-redshift contam-
inant galaxy (e.g. Ouchi et al. 2010 impose a z− y > 1.5
colour-cut and Bouwens et al. 2015 use z850−Y105 & 1 in the
selection of z ' 7 LBGs). The multiple components identi-
fied in our HST data all show a clear I814 − JH140 colour
that is to be expected for z> 6 LBGs. However as we do not
have photometry in additional filters from HST, with which
to perform a full SED analysis, it is possible that some of
the fainter components could be low-redshift interlopers. If
this is the case, the interloper components must be faint rel-
ative to the genuine high-redshift candidate, in order that
the ground-based photometry be well fit as a z > 6 object
in our SED analysis. We consider the probability of chance
alignments of red, low-redshift interlopers with our high-
redshift sample using deep photometry from the CANDELS
survey compiled by Galametz et al. (2013). From the cata-
logue we identified all of the objects that had a strong optical
to near-infrared break of I814−JH140 > 1.5, were compact in
the WFC3 data and had a best-fitting photometric redshift
of z< 4 (which is the majority of such objects). The resulting
catalogue showed a surface density of ' 1.1arcmin−2mag−1,
with an approximately uniform distribution in the magni-
tude range mAB ' 23–27. The photometric-redshift distribu-
tion of the interlopers peaks at z = 1.5 as expected. Using
this surface density we calculate that the probability of a
chance alignment of an interloper galaxy (in the magnitude
range mAB = 25.5–27) to within 1arcsec of one of our sam-
ple of high-redshift objects, is 0.0015 . If we consider our full
sample of 22 high-redshift LBGs, the probability of a low-
redshift interloper appearing at r ≤ 1arcsec to one or more
z ' 7 galaxies is 0.03. Hence this effect cannot account for
the observed incidence of multiple components in our sam-
ple. Finally, this calculation is likely an upper limit, as the
red colour of the brighter interloper galaxies would boost
the observed K and Spitzer/IRAC fluxes, potentially lead-
ing to a poor high-redshift galaxy fit and exclusion of these
systems from our initial sample.
3.2 Cross-talk in the VISTA/VIRCAM data
For three of the LBG candidates imaged as part of our
Cycle 22 HST program no object was detected at the ex-
pected coordinates. These objects (ID269511, ID268037 and
ID137559) are shown in Fig 3, where the ground-based
imaging in the z′ and near-infrared bands used for selec-
tion are compared to the newly available HST/WFC3 JH140
data. With the aim of detecting any diffuse emission that
could have been resolved-out by the fine resolution and pixel
size of HST, we smoothed the JH140 data to ground-based
resolution with a convolution kernel obtained using GAL-
FIT (Peng et al. 2010). These objects are exclusively de-
tected in the near-infrared imaging from VISTA, with no
counterpart in the optical or Spitzer data. Furthermore,
ID258511 and ID268037 have an unusual extended appear-
ance in the YJHKs bands in the new DR3 UltraVISTA data.
The undetected LBG candidates are at the faint-end of
the Bowler et al. (2014) sample, however a weak detection
in the smoothed JH140 data was expected. Further investi-
gations into the position of these objects and other near-
infrared only detected sources selected from our available
catalogues in the field, showed that they were preferentially
located in vertical lines across the Y +J mosaic. The vertical
alignment is in coincidence with bright saturated stars, with
a separation of a multiple of ' 43.5 arcsec. The position and
regular spacing of the artefact suggest that it is similar to
the cross-talk artefact found in imaging from the Wide Field
Camera on UKIRT (Dye et al. 2006; Warren et al. 2007). The
separations of the VISTA/VIRCAM artefact is 128 pixels
in the native pixels scale (0.34arcsec/pixel) or 43.52arcsec,
extending both north and south of saturated stars on the
CCD. Cross-talk occurs during the read-out of each detec-
tor, which has dimensions of 2048×2048 pixels (Sutherland
et al. 2015). Each detector has sixteen parallel readout chan-
nels, of width 128 pixels, exactly as we find for the artefact,
which we conclude arrises from an inter-channel electronic
cross-talk introduced in the read-out process.
The cross-talk in the VISTA/VIRCAM instrument is
significantly fainter than that in the UKIRT imaging, with
a magnitude difference of > 12 mag compared to the stel-
lar magnitude, or ' 0.001 percent of the flux of the origin
star. Our investigations show that the detectible artefact is
produced by the brightest stars in the image, which have
total magnitudes of mAB ' 12–14mag. We created a mask
using a catalogue of bright stars from the full 1.5deg2 of
UltraVISTA data, and masking out regions at the appro-
priate separations. At each expected cross-talk position, a
region of dimensions 4 ×7arcsec was masked to account for
the uncertainties in the centroid of the saturated stars. The
existence of the cross-talk artefact is strongly confirmed by
the application of the mask, as it excludes only 1 per cent
of the total image area, but over half of the near-infrared
only sample of objects used to investigate the cross-talk lo-
cations were flagged as a potential artefact. Applying such
a mask to the Bowler et al. (2014) sample results in the
removal of all three HST/WFC3 undetected objects de-
scribed above, which we exclude from the revised sample
discussed in the remainder of this work. Implications for
the luminosity function at z ' 7 are discussed in Section 5,
however we note here that the galaxies identified as arte-
facts are at the very faint end of the sample and were ex-
clusively detected in the VISTA near-infrared imaging. As
the remainder of the Bowler et al. (2014) sample are signifi-
cantly brighter, they are also detected in the Subaru z′-band
data and/or the Spitzer/IRAC data in addition to the near-
infrared imaging.
The application of the cross-talk mask as described
above also highlighted another object (ID279127) in
the Bowler et al. (2014) sample as a potential cross-talk
artefact. Galaxy ID279127 is detected in the HST/WFC3
imaging, the Subaru z′-band data and in the Spitzer/IRAC
data however, indicating that the cross-talk in this case is
coincident with a genuine galaxy. Comparing the UltraV-
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Figure 3. Postage-stamp images of the z ' 7 candidates that appear to be cross-talk artefacts in the VISTA/VIRCAM data in the
UltraVISTA/COSMOS field. On the far left we show the ground-based Subaru z′-band image, followed by the VISTA Y , J, H, Ks and
Y +J data. The original J140 data from HST/WFC3 is shown to the right of the ground-based data, and the final stamp shows this data
smoothed to ground-based resolution. In all three cases no object is detected in the original or smoothed J140 imaging. The cross-talk
artefact can have an extended appearance as observed in the top two cases, or a more compact morphology as shown for the final object.
In all cases, the cross-talk artefacts were identified at a constant multiple of 128 pixels (on the native 0.34 arcsec/pixel scale) from a
saturated star in the VISTA/VIRCAM data.
ISTA photometry to the HST/WFC3 results we find that
the cross-talk artefact makes a negligible difference to the
photometry for this object, and hence the rest-frame UV
properties are unaffected.
4 THE FINAL Z ∼ 7 LBG SAMPLE
After removing the three objects identified as a likely cross-
talk artefact in the VISTA/VIRCAM imaging we now
present a detailed analysis of our final sample of 22 bright
(MUV .−21) LBGs at z' 7 shown in Fig. 5.
4.1 Properties of the final sample
In Table 2 we present the photometric redshifts and derived
galaxy properties for the sample, calculated using the third
data-release of UltraVISTA (deeper YJHKs data) and deeper
VIDEO Y -band data in the UDS/SXDS. The photometric
redshift methodology was identical to that in Bowler et al.
(2014) and is described in Section 2.1. The new photomet-
ric redshifts agree within the errors with those determined
in Bowler et al. (2014), confirming that the sample is ro-
bustly at z> 6. We do not fit the observed photometry with
galaxy SEDs that include Lyman-α emission in this work, as
the derived equivalent width (EW0) is highly degenerate with
the photometric redshift in broad-band filters. The inclusion
of strong Lyman-α emission in the SEDs can result in higher
redshifts by up to δ z∼ 0.4 (see table 3 of Bowler et al. 2014)
when compared to results from fitting with line-free SEDs.
To provide a complete analysis of the available HST/WFC3
imaging for our sample of bright z∼ 7 LBGs, we include four
objects in our further analysis that have a photometric red-
shift without Lyman-α emission at z< 6.5. These include the
spectroscopically confirmed LAEs ‘Himiko’ and ‘CR7’ and
two additional galaxies with zphot ' 6.6 with Lyman-α in-
cluded (zphot ' 6.1 with line-free model fitting). We find that
our results for the size-luminosity relation are unchanged if
these four objects are removed.
Using the new near-infrared data we are able to pro-
vide improved constraints on the rest-frame UV slopes of
the sample. We calculate the slope (βUV) by fitting a power
law (Fλ ∝ λβ ) to the YJHKs photometry. As the Y -band can
be contaminated by the Lyman break or potential Lyman-α
emission at z > 6.8, we also provide the βUV values calcu-
lated with only the JHKs bands for comparison. The re-
sulting βUV measurements are shown in Table 2. While
there is still significant scatter for the faintest objects in
the sample, the brightest galaxies appear consistently blue,
showing βUV ∼ −2.0 as found in samples of fainter z ' 7
LBGs (Dunlop et al. 2013; Bouwens et al. 2014). This is
in contrast to a similar analysis at z ' 6 which found a
slightly redder rest-frame UV slope in a sample of bright
LBGs (βUV = −1.8± 0.1; Bowler et al. 2015; see also Jiang
et al. 2013a). A redder slope of β '−1.6 would also be pre-
dicted by extrapolating the colour-magnitude relation mea-
sured at z' 7 (Bouwens et al. 2014) and by similarly bright
galaxies at z∼ 5 (Rogers et al. 2014). For two bright LBGs
with MUV '−22.5, ID238225 and ID304384 however, we do
find a slightly redder slope of β ' −1.7 as expected. In-
terestingly, these two objects appear as single components
in the HST/WFC3 data, and are therefore unusual at the
bright end of our sample. While a larger sample is clearly
needed, this could suggest that the bright, single components
MNRAS 000, 1–25 (2016)
10 R. A. A. Bowler et al.
Figure 4. The IRAC [3.6µm]– [4.5µm] colour against photomet-
ric redshift for the full Bowler et al. (2014) sample of bright
z ' 7 LBGs (black circles). The shaded regions show the pre-
dicted colour for a range of Bruzual & Charlot (2003) SED models
with (blue) and without (grey) the inclusion of rest-frame optical
nebular emission lines with a combined Hβ + [OIII] equivalent
width in the range 637< EW0 < 1582A˚. The nebular emission lines
present in each Spitzer filter as a function of redshift is illustrated
in the upper region of the plot. The open circles show the colours
of the LAEs ‘Himiko’ and ‘CR7’, which are spectroscopically con-
firmed to be at z = 6.6. We also show the colours of galaxies pre-
sented by Smit et al. (2014) (red diamonds) and in a compilation
by Roberts-Borsani et al. (2016) (purple squares). To focus on
the range of interest for this work, we plot the z= 8.68 object pre-
sented in Roberts-Borsani et al. (2016) and Zitrin et al. (2015)
at z = 8.25 with a rightward arrow. Limit arrows are shown when
the LBG was undetected in either the [3.6µm] or [4.5µm] bands
at < 2σ significance.
galaxies in our sample have a more evolved stellar population
compared to the bluer clumpy/merger-like systems that are
undergoing a particularly violent burst of star-formation.
4.2 Nebular emission
In the last few years the availability of deep Spitzer/IRAC
photometry over the multi-wavelength survey fields imaged
by HST has allowed the first investigation into the rest-
frame optical emission in LBGs at z> 5 (e.g. in the GOODS
fields; Stark et al. 2013). In addition to constraining the
galaxy mass, the rest-frame optical wavelength range ob-
served in the [3.6µm] and [4.5µm] bands also includes sev-
eral strong nebular emission lines such as Hα, Hβ and [OIII]
λλ4959,5007. With increasing redshift, these emission lines
pass through the Spitzer/IRAC bands producing charac-
teristic offsets in the [3.6µm]-[4.5µm] colour as compared
to a continuum only model (see Fig. 4). The presence of
strong rest-frame optical nebular emission lines in the SEDs
of 3 < z < 7 LBGs has now been demonstrated by several
studies (Stark et al. 2013; de Barros et al. 2014; Smit et al.
2014, 2015; Marmol-Queralto et al. 2016). These previous
results however, have focused on relatively faint LBGs se-
lected from within the CANDELS fields or cluster-lensing
fields imaged by HST.
Using the deep Spitzer/SPLASH data over the UltraV-
ISTA/COSMOS and UDS/SXDS fields, we can investigate
the prevalence of nebular emission in our sample of bright
z ' 7 objects. In Bowler et al. (2014) we performed a sim-
ilar analysis using the shallower SPLASH data available at
that time. Here we exploit the final SPLASH imaging using
the deconfusion analysis described in McLeod et al. (2015)
and discussed in Section 2.6. The majority of the galaxies in
our sample are strongly detected in the Spitzer/IRAC data,
without the need for stacking or strong gravitational lensing
(e.g. Smit et al. 2014). Furthermore, from the Spitzer pho-
tometry presented in Table 2 it is evident that the IRAC
colour is either significantly redder or bluer than that pre-
dicted by a continuum only model ([3.6µm]-[4.5µm] ' 0.0).
In Fig. 4 we show the [3.6µm]-[4.5µm] colour as a func-
tion of photometric redshift for our sample. The observed
IRAC colours are fully consistent with the contamination of
these photometric bands by strong rest-frame optical nebu-
lar emission lines, which are redshifted through these filters
from z ' 6.5 to z ' 7.5, resulting in a change in sign of the
[3.6µm]-[4.5µm] colour. We also show z' 7 results from Smit
et al. (2014), derived from a sample of lensed galaxies (with
intrinsic MUV ∼−20.5) and from higher redshift objects pre-
sented in a compilation by Roberts-Borsani et al. (2016)
which includes the the objects at z = 7.51 (Finkelstein et al.
2013), z = 7.73 (Oesch et al. 2015) and z = 8.68 (Zitrin
et al. 2015). The Roberts-Borsani et al. (2016) galaxies
were selected based on their red IRAC colour, whereas
the Finkelstein et al. (2013) and Oesch et al. (2015) ob-
jects were initially selected based on their rest-frame UV
emission. We also show the expected redshift-dependent
[3.6µm]-[4.5µm] colour predicted by Bruzual & Charlot
(2003) models with and without rest-frame optical emis-
sion lines from Hα, Hβ and [OIII]. The range in rest-frame
Hβ+[OIII]equivalent widths shown (637A˚< EW0 < 1582A˚),
was chosen to match the upper and lower limits found
by Smit et al. (2014). While there is still scatter in the
[3.6µm]-[4.5µm] colours derived for our sample as shown
in Fig. 4, we find a clear change in the sign of the colour
with photometric redshift. Below z' 6.8 we find exclusively
blue [3.6µm]-[4.5µm] . 0 values, corresponding to either no
rest-frame optical emission lines or a stronger contribution
of Hβ + [OIII] in the [3.6µm] band compared to Hα in the
[4.5µm] band. The [3.6µm]-[4.5µm] colour agrees well with
previous results from Smit et al. (2014) and other studies at
z> 7 compiled by Roberts-Borsani et al. (2016). Around the
sharp colour change at z = 6.8–7.1 we find evidence for even
stronger rest-frame emission lines than our most extreme
model shown in Fig. 4, implying EW0(Hβ+[OIII])> 1600A˚.
The extreme LAEs ‘Himiko’ and ‘CR7’ show similar colours
to our sample, however as illustrated by the smaller error
bars on their photometry, they are particularly bright in the
[3.6µm] band, as you would expect for the increased nebular
emission from these galaxies. These results show that strong
(EW0(Hβ+[OIII])> 600A˚) rest-frame optical emission lines
appear to be common in bright z ∼ 7 LBGs as well as in
fainter galaxies at this epoch (Smit et al. 2014; de Barros
et al. 2014; Stark et al. 2013). Furthermore, the surprisingly
high success rate at detecting Lyman-α emission in z > 7.5
LBGs that show red IRAC colours (Roberts-Borsani et al.
2016; Zitrin et al. 2015; Oesch et al. 2015; Finkelstein et al.
2015) suggests that the galaxies in the sample presented here
could also show detectible Lyman-α emission.
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Table 2. The basic properties of our final sample of 22 LBGs at z ' 7. From left to right we show the ID number (identical to that
in Bowler et al. 2014) and then the best-fitting photometric redshift, followed by the total magnitude measured from the JH140 data
(J125 +H160 imaging for objects in CANDELS or YJ110 for ‘CR7’). For ‘CR7’ (ID30425) and ‘Himiko’ (ID88759) we show the spectroscopic
redshifts from Sobral et al. (2015) and Ouchi et al. (2009) respectively. The total magnitude was measured in a 2 arcsec diameter
aperture for the majority of galaxies, and a 3 arcsec diameter aperture for ID304416, ID169850, ID279127 and Himiko. We then present
the absolute UV magnitude (at 1500A˚), the SFRUV calculated using the Madau et al. (1998) prescription and the rest-frame UV slope
βUV determined using filters YJHK and JHK in columns 6 and 7. Finally we show the Spitzer/IRAC magnitudes from our deconfusion
analysis, and the PSF corrected half-light radius in kpc derived from our curve-of-growth analysis. Where we have classified the galaxy
as a multi-component system it is highlighted with a dagger.
ID z mAB MUV SFRUV βYJHK βJHK [3.6]− [4.5] [3.6µm] [4.5µm] r1/2
/mag /mag /M/yr /mag /mag /mag /kpc
UVISTA-304416 6.85+0.10−0.09 23.85
+0.10
−0.09 −23.16+0.10−0.09 55 −1.9+0.2−0.2 −2.1+0.3−0.2 0.28+0.37−0.33 24.41+0.28−0.22 24.14+0.10−0.09 2.2+0.1−0.1†
UVISTA-169850 6.64+0.07−0.08 24.03
+0.12
−0.10 −22.92+0.12−0.10 44 −2.0+0.2−0.1 −2.1+0.3−0.2 −0.67+0.37−0.37 24.03+0.22−0.18 24.70+0.18−0.16 2.6+0.2−0.2†
UVISTA-279127 6.53+0.06−0.09 24.35
+0.18
−0.15 −22.62+0.18−0.15 33 −2.3+0.2−0.3 −2.9+0.4−0.4 −0.32+0.42−0.39 24.24+0.28−0.22 24.57+0.17−0.14 3.0+0.4−0.3†
UVISTA-65666 7.04+0.16−0.15 24.48
+0.11
−0.10 −22.43+0.11−0.10 28 −2.0+0.2−0.3 −2.3+0.4−0.4 0.77+1.08−0.64 25.27+0.24−0.19 24.50+0.15−0.13 1.6+0.1−0.1†
UVISTA-238225 6.94+0.13−0.18 24.59
+0.12
−0.12 −22.41+0.12−0.12 27 −1.7+0.2−0.3 −1.7+0.4−0.4 −1.31+0.61−0.69 24.19+0.28−0.22 25.50+0.47−0.33 0.8+0.2−0.2
UVISTA-304384 6.56+0.15−0.13 24.50
+0.11
−0.10 −22.40+0.11−0.10 27 −1.7+0.3−0.4 −2.2+0.4−0.6 −0.30+0.45−0.41 24.32+0.30−0.23 24.62+0.18−0.15 1.3+0.2−0.2
UVISTA-30425 6.604 24.65+0.07−0.08 −22.22+0.07−0.08 23 −2.5+0.4−0.3 −3.1+0.6−0.6 −1.08+0.22−0.22 23.49+0.10−0.09 24.57+0.13−0.12 1.8+0.1−0.1†
UDS-88759 6.595 24.64+0.16−0.15 −22.17+0.16−0.15 22 −1.7+0.3−0.3 −1.9+0.4−0.3 −0.72+0.31−0.36 23.92+0.11−0.10 24.65+0.25−0.20 3.2+0.4−0.3†
UVISTA-185070 6.78+0.12−0.19 24.91
+0.12
−0.11 −22.03+0.12−0.11 19 −1.6+0.2−0.3 −1.7+0.3−0.4 −1.36+0.28−0.29 23.92+0.11−0.10 25.27+0.19−0.16 1.3+0.2−0.2
UVISTA-28495 7.12+0.14−0.12 25.01
+0.28
−0.21 −22.02+0.28−0.21 19 −1.9+0.3−0.2 −2.1+0.4−0.5 0.57+0.43−0.35 24.79+0.35−0.27 24.22+0.08−0.08 1.4+0.4−0.4†
UDS-35314 6.70+0.12−0.10 25.07
+0.17
−0.14 −22.01+0.17−0.14 19 −2.5+0.3−0.4 −2.6+0.4−0.5 −0.69+0.81−1.16 24.60+0.32−0.25 25.29+0.30−0.23 0.7+0.2−0.2
UDS-118717 6.51+0.06−0.13 24.87
+0.13
−0.13 −21.91+0.13−0.13 17 −1.7+0.4−0.3 −1.7+0.4−0.4 −0.08+0.45−0.45 24.26+0.23−0.19 24.34+0.27−0.21 0.8+0.2−0.2
UVISTA-328993 6.11+0.13−0.14 24.70
+0.14
−0.12 −21.90+0.14−0.12 17 −1.8+0.5−0.5 −2.7+0.8−0.9 −0.10+0.30−0.29 24.14+0.19−0.17 24.25+0.12−0.11 1.2+0.2−0.2
UVISTA-136380 7.09+0.10−0.12 25.34
+0.23
−0.19 −21.77+0.23−0.19 15 −2.5+0.3−0.4 −2.8+0.5−0.6 1.04+0.83−0.66 26.16+0.63−0.40 25.12+0.26−0.21 0.7+0.3−0.3
UVISTA-211127 7.02+0.08−0.08 25.46
+0.21
−0.18 −21.55+0.21−0.18 12 −2.5+0.3−0.3 −2.4+0.5−0.4 1.00+0.57−0.41 25.11+0.50−0.34 24.10+0.07−0.07 0.5+0.2−0.3
UVISTA-170216 6.52+0.14−0.17 25.41
+0.24
−0.20 −21.48+0.24−0.20 11 −2.0+0.4−0.5 −2.0+0.7−0.6 −0.66+0.73−0.69 24.71+0.46−0.32 25.37+0.37−0.27 1.1+0.3−0.3†
UVISTA-35327 6.71+0.20−0.21 25.50
+0.50
−0.34 −21.47+0.50−0.34 11 −2.2+0.7−0.7 −1.8+1.0−1.0 – – – 0.8+0.8−0.8
UVISTA-305036 6.91+0.16−0.30 25.52
+0.30
−0.24 −21.42+0.30−0.24 11 −1.4+0.2−0.3 −1.4+0.3−0.4 0.52+0.55−0.43 24.82+0.45−0.32 24.30+0.11−0.10 1.6+0.3−0.3†
UVISTA-104600 6.47+0.07−0.07 25.41
+0.45
−0.31 −21.35+0.45−0.31 10 −1.8+0.2−0.3 −2.0+0.3−0.3 −0.00+0.22−0.21 23.98+0.16−0.14 23.98+0.07−0.06 0.2+0.4−0.2
UVISTA-268576 6.59+0.12−0.23 25.69
+0.26
−0.22 −21.29+0.26−0.22 9 −2.1+0.4−0.4 −1.6+0.6−0.7 <−1.43 24.66+0.28−0.22 > 26.09 0.8+0.2−0.2
UVISTA-282894 7.02+0.13−0.13 25.73
+0.38
−0.28 −21.12+0.38−0.28 8 −1.9+0.4−0.3 −1.5+0.6−0.5 0.13+0.81−0.59 25.40+0.64−0.40 25.27+0.20−0.17 0.7+0.5−0.4
UVISTA-271028 6.11+0.17−0.15 25.87
+0.32
−0.25 −20.67+0.32−0.25 5 −1.8+0.3−0.3 −1.9+0.4−0.5 >−0.03 > 25.35 25.38+0.31−0.24 0.6+0.3−0.6
We note that the photometric redshifts for our sam-
ple were calculated without any nebular emission lines in
the spectrum, using the optical and near-infrared photom-
etry only. With the addition of a strong Lyman-α emission
line in the galaxy SED, the spectroscopic redshift could be
higher (typically ∆z' 0.1, to a maximum of ∆z' 0.4; Bowler
et al. 2014) than the line-free photometric redshift, due to
the additional flux present in the broad-band photometry.
Given the presence of two extreme LAEs over the fields
(Himiko and CR7) detected within the narrow-band NB921
from Subaru, which selects Lyman-α emitters in the redshift
range z = 6.6±0.05, it is feasible that similar LAEs exist in
the field at z > 6.6. In Fig. 4 we find that several objects
(including our brightest object ID304416) with [3.6µm]-
[4.5µm] > 0.0 at zphot ∼ 6.9 are offset from the predicted
redshift-colour region (shown as the shaded blue curve), sug-
gesting that the photometric redshift could be underesti-
mated due to contamination by strong Lyman-α emission.
4.3 Visual morphologies
The final sample of 22 LBGs is shown in Fig. 5, ordered by
absolute UV magnitude. The stamps are 3arcsec across, or
approximately 16kpc at the median redshift of our sample.
The four brightest galaxies in the sample all have an elon-
gated and clumpy appearance, with the brightest clumps in
ID304416 and ID169850 separated by ' 5kpc. The extent of
these very bright LBGs is similar to that of ‘Himiko’ (Ouchi
et al. 2009, 2013), however the brightest galaxies here are
up to ∆mAB = 1.0 mag brighter in the rest-frame UV. As
well as the extended clumpy objects, we also find galaxies
with apparently distinct components (at least to the limit-
ing surface brightness of our data), for example ID279127,
ID30425/CR7 and ID28495. These objects were all selected
as a single galaxy with the resolution of the ground-based
data used in Bowler et al. (2014), and the close separation
(< 10kpc) suggests that they are associated with the same
galaxy (e.g. clumps in an extended structure) or in the pro-
cess of merging. The remainder of the sample appear as
isolated single-component objects, with several appearing
elongated (e.g. ID268576, ID271028) or showing extended
emission (e.g. ID185070, ID238225).
The diversity of morphologies observed in our sample is
similar to that found in lower redshift star-forming galaxies.
For example Law et al. (2012) found a range of structures
in at z' 2–3 LBGs including single nucleated sources (∼ 40
percent of the sample), groups of distinct components (∼ 20
percent) and highly irregular extended objects (∼ 40 per-
cent). The results of our analysis show that at z ' 7 the
brightest galaxies tend to be clumpy/merger-like systems,
with the four brightest objects all showing two or more dis-
tinct components. Fainter galaxies are instead generally sin-
gle components, although with some signs of an irregular
morphology (Oesch et al. 2010; Jiang et al. 2013b). Our re-
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Figure 5. Postage-stamp HST/WFC3 images of the final sample of 22 LBGs at z ' 7 (initially selected in Bowler et al. 2014). The
galaxies are ordered by absolute UV magnitude, with the brightest object in the upper left (MUV =−23.1) and the faintest in the lower
right (MUV = −20.7). The colour scale for each stamp has been scaled between a minimum surface brightness of 26mag/arcsec2 and the
peak surface brightness (typically 22mag/arcsec2) to highlight any extended emission. Contours are shown in 0.5mag intervals bright-ward
of 25mag/arcsec2. Each stamp is 3arcsec on the side, with North to the top and East to the left. The images are centred on the coordinates
determined from the ground-based selection, where each stamp displays a single ground-based object. The physical distance in kpc has
been calculated according to the redshift of each galaxy and is displayed as a scale-bar in the upper right of each stamp. Galaxies that
show multiple distinct components at z> 6 are highlighted with the letter ‘m’ in the lower left-hand corner of the stamp.
sults are similar to those found by Kawamata et al. (2015)
in a study of LBGs found within the HFF program, who
found that LBGs at z ∼ 8 with multiple cores tended to be
at the bright-end of their sample. The depth of our WFC3
data is sufficient to detect if the galaxies in our sample
with 24.5 < mAB < 25.0 consisted of multiple components,
however the most clumpy LBGs are clearly preferentially
found at the bright-end of our sample. At the faint end of
our sample however, our observations are only sensitive to
multiple-component systems without extended/low surface
brightness emission (see the Appendix), and hence deeper
data are required to robustly determine the morphologies
of MUV ' −21 LBGs at z ' 7. We note here that the LBGs
in this sample were selected independently of the surface
brightness profile due to the dominant effect of the relatively
large ground-based PSF, and hence we are not strongly bi-
ased to compact systems.
4.4 Interaction/merger fraction
Visibly disturbed, elongated or clumpy galaxies at high-
redshift have often been interpreted as merging sys-
tems (Conselice 2014). The merger fraction at intermedi-
ate redshift has been calculated by using non-parametric
morphology measurements such as the Concentration-
Asymmetry-Clumpiness (CAS; Conselice et al. 2003) or the
Gini/M20 parameters (Lotz et al. 2004), which when com-
bined with an estimate of the timescale for merger activity
to be visible (200–800Myrs; Lotz et al. 2010a,b), can be con-
verted into a merger rate. At very high redshifts however,
the small size of the galaxies with respect to the PSF re-
sults in biases in these parameters which depend sensitively
on the depth of the imaging (Jiang et al. 2013b; Curtis-
Lake et al. 2016), and hence visual inspection is often em-
ployed to estimate the merger/interaction fraction. In our
sample of bright z ' 7 LBGs, we find 9 galaxies that show
distinct components that could be attributed to a merging
system (7 excluding the known LAEs ‘Himiko’ and ‘CR7’).
These 9 objects are highlighted in Table 2. In addition, sev-
eral of the single component objects show extended emission
or an elongation, and hence we place a lower limit on the
merger fraction of > 40 percent from visual inspection. For
fainter LBGs at z' 7 however, the disturbed fraction is sig-
nificantly lower (< 10 percent) despite the data being suf-
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ficiently deep to detect additional components (e.g. Oesch
et al. 2010; see also Conselice & Arnold 2009). It is clear
in the postage-stamp images shown in Fig. 5 that the very
brightest galaxies in our sample all show a clumpy and
extended morphology. Determining the merger fraction for
these extremely bright LBGs therefore results in a merger
or interaction fraction of 100 percent at MUV . −22.5. For
these LBGs, the individual components are as bright, or
brighter, than ‘normal’ z' 7 LBGs (MUV =−22.3 and −22.4
for ID304416, and MUV = −22.6 and −21.5 for ID169850,
MUV = −21.8 and −21.5 for ID65666 and MUV = −21.7 and
−21.6 for ID279127). Hence, if the multi-component galax-
ies are the result of a merger of two or more typical LBGs,
then the SFR has been significantly boosted as a result of
the interaction (the component luminosities are in the range
L' 2.5–7L∗).
The derived merger fraction from our data is compa-
rable to that found at z ' 2–3, where a merger fraction of
around 40–50 has been derived for massive galaxies (M? >
1010M; Mortlock et al. 2013). Law et al. (2012) found that
70 percent of a sample of z = 1.5–3.2 LBGs showed either
multiple components (20 percent of the sample) or a highly
disturbed or irregular morphology. At z' 6, both Jiang et al.
(2013b) and Willott et al. (2013) found a similarly high frac-
tion of disturbed systems in MUV < −20.5 LBGs, with the
brightest galaxies (MUV < −21) in the Jiang et al. (2013b)
sample showing a merger fraction of 60 percent. We find
therefore that the visually derived merger fraction of bright
z' 7 LBGs is similarly high compared to that found at lower
redshifts. This is in agreement with the results of Curtis-
Lake et al. (2016), who finds no evidence for an evolution in
the fraction of fainter galaxies (−22.MUV <−20) showing
irregular features from z = 4–6.
5 GALAXY LUMINOSITY FUNCTION
The new HST/WFC3 imaging of the Bowler et al. (2014)
sample presented in this work provides both a measurement
of the galaxy size and an independent measurement of the
total galaxy flux. The total galaxy luminosity is crucial when
determining the bright end of the rest-frame UV luminosity
function. Despite the ground-based selected objects appear-
ing to fragment into discrete components under HST res-
olution, we argue based on the following reasons that the
clumps are physically associated and should therefore be
treated as a single galaxy when calculating the LF. Firstly,
the small separations of the different components (< 10kpc)
are dramatically lower than the separations between simi-
larly bright galaxies in the field (typically > 10arcmin), show-
ing that the observed objects are very unlikely to be simply
chance alignments of fainter galaxies. Furthermore, the deep
optical imaging can strongly rule out that the brightest com-
ponents are low-redshift interlopers (Section 3.1). Secondly,
the individual components of the clumpy LBGs in the sam-
ple are brighter than typical LBGs at z ' 7 despite having
similar sizes. This suggests that there is a physical associ-
ation between the star-forming components (whether via a
merging process or a vigorously star-forming clumpy sys-
tem) that has increased the SFR of the system as compared
to the field. Finally, despite the galaxy sample including ex-
tremely bright z' 7 LBGs, the surface brightness limit of the
data is insufficient to detect diffuse emission such as that ob-
served in z ' 2 LBGs (e.g. Law et al. 2012). Hence clumpy
star-forming galaxies as observed at lower redshifts would
naturally appear as discrete bright clumps when observed
in the rest-frame UV at higher redshift.
5.1 Galaxy total magnitudes and MUV
To explore the extent of the rest-frame UV emission, and to
extract the total magnitude for each galaxy in our sample,
we measured the curve-of-growth using circular apertures.
Due to the clumpy nature of the LBGs in this work, we
calculated our own weighted galaxy centroid from the data
following the procedure employed by SExtractor, which
uses the barycentre or first order moment of the profile de-
fined as:
x =∑
i
Ii xi/∑
i
Ii, and y =∑
i
Ii yi/∑
i
Ii (1)
where the sum in over all pixels assigned to an object
by SExtractor. In the case of single component LBGs,
we find excellent agreement between our centroid and that
calculated by SExtractor. For galaxies with an irregu-
lar, clumpy light distribution, the barycentre matches the
ground-based centroid (which is effectively a weighted cen-
troid of the full system) to within the astrometric error of
. 0.1 arcsec, as expected from the relatively coarse pixel size
and larger FWHM of the ground-based imaging. Inspecting
the curve-of-growth for each object we found that a 2 arcsec
diameter circular aperture was required to measure the total
magnitudes of the majority of the galaxies in our sample, as
supported by our stacked results shown in Section 6.3. As
motived by studying the COG, we used larger 3 arcsec di-
ameter apertures for galaxies ID304416, ID169850, ID279127
and ID88759/Himiko, due to the extended and clumpy na-
ture of these objects. The total and absolute magnitudes of
the galaxies in our sample are shown in Table 2. We note
that the brightest galaxies in our sample have mAB . 24 and
are therefore exceptionally bright for z ' 7 galaxies with-
out the boost of strong gravitational lensing. The absolute
UV magnitude (MUV) was calculated from the best-fitting
galaxy SED at a rest-frame wavelength of 1500A˚ (using a
top-hat filter of width 100A˚), after the SED was scaled to
match the total magnitude measured from the HST/WFC3
data in the appropriate HST filter.
The new photometry can be compared to our previous
measurements from the ground-based data (using 1.8 arc-
sec diameter circular apertures, corrected to total assuming
a point source; Bowler et al. 2014). The comparison shows
that the ground-based measurement underestimated the to-
tal magnitude by ∆m = 0.1 mag, rising to ∼ 0.2 mag for
the two brightest galaxies in the sample. As is visible in
the stack of the ground-based data shown in Fig. 9, the
brighter galaxies in our sample are resolved in the VISTA
and UKIRT data, and hence it is unsurprising that we un-
derestimated the total magnitudes assuming a point-source
correction. For four of the sample (ID305036, ID104600,
ID211127, ID271028), we find that the ground-based mag-
nitude is significantly brighter than the HST measurement,
by ∆mAB ' 0.5–1.0 mag. In the case of object ID104600, the
flux is boosted due to contamination from a nearby low-
redshift object (to the NW, separated by 1arcsec), which
MNRAS 000, 1–25 (2016)
14 R. A. A. Bowler et al.
we have masked when performing the HST/WFC3 measure-
ment. The other three objects all have low-redshift galaxies
(ID277727, ID271028) or stars (ID305036) close to the line-
of-sight, which has resulted in contamination of the ground-
based photometry (see Figure 2) and an overestimated near-
infrared magnitude.
As noted in Bowler et al. (2014) and Bouwens et al.
(2015) the use of small apertures (e.g. < 0.6 arcsec diame-
ter) can underestimate the total magnitudes of high-redshift
galaxies. For example, Bouwens et al. (2015) has suggested
that McLure et al. (2013), and other works that use simi-
larly small apertures such as Lorenzoni et al. (2012), could
underestimate the total magnitudes of the brightest galaxies
in their samples (MUV ∼−21) by ' 0.2 mag. For the bright-
est galaxies, which are clearly extended in the HST/WFC3
imaging in this work (and in other works e.g. Oesch et al.
2010; Willott et al. 2013; Jiang et al. 2013b), we expect this
problem to be exacerbated. We compare our total magni-
tudes to those obtained by SExtractor using small (0.6
arcsec diameter) circular apertures, corrected to total as-
suming a point source, and MAG AUTO which uses scal-
able elliptical Kron apertures. While using a small circular
aperture unsurprisingly underestimates the total magnitude
of the brightest LBGs (by ∆mAB > 0.5 mag), we find that the
measurements made using MAG AUTO are in good agree-
ment with our COG measurements, suggesting that analyses
that use Kron-type elliptical apertures (e.g. Bouwens et al.
2015; Finkelstein et al. 2015) are less prone to bias in the
total magnitudes.
5.2 The luminosity function
Using the independent measurement of galaxy flux
from HST we have found that the measurement procedure
used in Bowler et al. (2014) can underestimate the total
magnitude of the galaxies in this sample by around 0.1–0.2
mag. Furthermore, the new data has resulted in the discov-
ery of an artefact in the VISTA/VIRCAM data and also the
identification of contaminated flux measurements for sev-
eral galaxies. These effects must be taken into account in
the determination of the rest-frame UV luminosity function
from the UltraVISTA/COSMOS and UDS/SXDS datasets
at z ' 7. Here we present an updated LF derived from
the Bowler et al. (2014) sample using the new HST/WFC3
data.
We calculated the rest-frame UV LF following the
1/Vmax methodology (Schmidt 1968) presented in Bowler
et al. (2014, 2015), where we refer the reader for a more
comprehensive description. In brief, we use the best-fitting
SED model for each galaxy to calculate the maximum red-
shift at which it would be retained in the sample, and derive
from this the Vmax. The incompleteness of our sample due
to the finite depth and photometric redshift uncertainty was
calculated at each redshift and absolute magnitude using in-
jection and recovery simulations. In the final LF calculation,
we included the UltraVISTA/COSMOS DR2 strips (area
0.62deg2) and the full UDS/SXDS field (area 0.74deg2). The
near-infrared data in the UltraVISTA/COSMOS DR1 gaps
region (area 0.29deg2) was excluded from the analysis, as it
was too shallow to significantly affect the derived number
densities. We corrected for the moderate gravitational lens-
ing of our LBGs by low-redshift galaxies close to the line-of-
Figure 6. The rest-frame UV LF at z ' 7 from the Ultra-
VISTA/COSMOS DR2 and UDS/SXDS datasets as derived
in Bowler et al. (2014), updated using the results of this work from
new HST/WFC3 imaging (red circles). We show the results of
previous works using ground-based data from Ouchi et al. (2009)
(blue squares), and from a combination of HST surveys such as
CANDELS from Bouwens et al. (2015) (purple squares), Finkel-
stein et al. (2015) (green diamonds) and McLure et al. (2013)
(black circles). The best-fitting DPL and Schechter functions to
our results and those of McLure et al. (2013) are shown in the up-
per plot as solid and dotted lines respectively. The one-sigma con-
fidence limit on the best-fitting DPL is shown as the grey shaded
region. In the lower plot we also show the best-fitting Schechter
function derived by Bouwens et al. (2015) and Finkelstein et al.
(2015) as the purple dotted and green dashed lines respectively.
sight using the approach presented in Bowler et al. (2014,
2015). The de-lensing method uses the photometric redshift
and i-band luminosity of nearby galaxies to approximate
their gravitational lensing potential via the Faber-Jackson
relation. The magnification was typically 0.1 mag (µ ∼ 1.1),
rising to a maximum of 0.3 mag (µ ∼ 1.3).
The brightest galaxies in our sample were the most
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robust to magnitude errors and the number densities de-
rived for the two brightest bins are effectively unchanged
from the Bowler et al. (2014) analysis. The absolute magni-
tudes of the objects were typically underestimated from the
ground-based data by 0.1 mag and 0.2 mag in the central
and brightest bin respectively. In the faint bin presented
in Bowler et al. (2014) we now find that two of the nine
galaxies were cross-talk artefacts and two of the galaxies
had overestimated fluxes due to contamination from nearby
galaxies or stars. We therefore remove the cross-talk arte-
facts, and update the absolute magnitudes of the galaxies
in our sample using the new HST/WFC3 photometry. The
resulting binned LF points are centred on slightly brighter
magnitudes than presented in Bowler et al. (2014). These
points are calculated from a sample that includes the spec-
troscopically confirmed z = 6.6 galaxies ‘Himiko’ and ‘CR7’,
to provide number counts for all known z' 7 rest-frame UV
bright galaxies in the two fields. These objects are relatively
faint in our sample, occupying the faintest bin in our LF
analysis. As a result, if they are excluded from our analy-
sis we find no significant changes to our LF results, with
the DPL becoming a slightly better fit to the data (over
a Schechter function), due to the small drop in the number
density in our faintest bin (' 20 percent). The updated LF is
shown in Fig. 6 where we compare to previous results at z' 7
derived from the Subaru Deep Field (Ouchi et al. 2009) and
from a compilation of HST surveys including the UDF and
CANDELS datasets (Bouwens et al. 2015; Finkelstein et al.
2015; McLure et al. 2013). The results presented in Finkel-
stein et al. (2015) have been corrected to account for the dif-
ferent cosmology, and the two brightest points from McLure
et al. (2013) are plotted 0.15 and 0.1 mag brighter to account
for the extended size relative to the assumed point source
correction. The binned points are presented in Table 4. We
fit both a double-power law and a Schechter function to the
updated LF points and those determined by McLure et al.
(2013), who used a similar methodology to this work. The re-
sulting functional fits are shown in the upper panel of Fig. 6
and presented in Table 3. The updated best-fitting parame-
ters agree well with the previous results presented in Bowler
et al. (2014, 2015), and consistently show that the DPL is
formally the best-fitting function with a reduced χ2 = 0.6
(compared to 0.9 for the Schechter function).
5.2.1 Comparison to previous studies
We find a good agreement between our updated z ' 7 LF
points with the results of Finkelstein et al. (2015) in the re-
gion of overlap, and with the brightest point from Bouwens
et al. (2015). The DPL fit is also in good agreement with
the data points from Ouchi et al. (2009) around the knee
of the function, and with previous results at fainter mag-
nitudes where we reproduce the steep faint-end slope of
α '−2 found by previous studies (e.g. McLure et al. 2013).
At MUV ' −21.75 however, we find a tension between our
determination of the LF and the results of Bouwens et al.
(2015). The Bouwens et al. (2015) point at MUV = −21.66
is significantly in excess of our best-fitting function at this
magnitude and the ground-based results from Ouchi et al.
(2009), who found < 1/3 the number density of galaxies at a
similar luminosity in an analysis of the Subaru Deep Field.
As shown in Bowler et al. (2015) at z ' 6, cosmic variance
is significant at the bright-end of the LF at z> 5, and hence
part of the discrepancy could be a result of the strong field-
to-field variation between the 200arcmin2 CANDELS fields.
For LBG candidates at the bright-end of the Bouwens et al.
(2015) z ' 7 sample however, there is an additional uncer-
tainty that must be considered due to the lack of deep Y -
band imaging over the full survey area used in their analysis.
For three of the five relatively wide-area CANDELS fields
studied by Bouwens et al. (2015) there is no Y -band imaging
available from HST/WFC3. Imaging in the Y -band is essen-
tial to constrain the position and strength of the Lyman-
break from z ' 7–8, and to exclude low-redshift galaxy and
cool galactic brown dwarf contaminants which can show
identical optical-to-near-infrared colours in the absence of
the Y -band data (Bowler et al. 2012; Finkelstein et al. 2015).
While there exists some relatively shallow Y -band imaging
in the CANDELS COSMOS and UDS fields from ground-
based surveys, there is no space- or ground-based Y -band
imaging available in the Extended Groth Strip (EGS) mak-
ing this field in particular vulnerable to contamination. The
number of bright z' 7 LBGs found by Bouwens et al. (2015)
in the EGS is more than double the average number found
in the other fields, and hence we suggest that the origin of
the high number density derived around MUV ∼−21.7 could
be due to contamination by low-redshift galaxies or brown
dwarfs in the CANDELS ‘wide’ fields utilized (also see the
discussion in Finkelstein et al. 2015).
The effect of the uncertain number counts at the bright-
end of the LF determined from the CANDELS data can
be seen in the best-fitting Schechter function parameters.
The recent determinations of the rest-frame UV LF at z = 7
by Bouwens et al. (2015) and Finkelstein et al. (2015) both
found a brighter characteristic magnitude of the best-fitting
Schechter function than previous studies (McLure et al.
2013; Schenker et al. 2013; Bouwens et al. 2011), finding
an approximately constant value of MUV ' −21 from z ' 5
to z ' 7. However, if the CANDELS ‘wide’ fields that have
limited or no Y -band data are excluded, Bouwens et al.
(2015) finds M∗ = −20.61± 0.31, which is in better agree-
ment with our results and previous studies. Using the wider
area ground-based data, we find a characteristic magnitude
of M∗ = −20.49± 0.17 (assuming a Schechter function fit),
which is in good agreement with our previous results (Bowler
et al. 2015) and supports a brightening of the characteristic
magnitude by ∆M∗ ' 0.5mag from z = 7 and z = 5. While
the LF points derived by Finkelstein et al. (2015) appear to
match our data at the bright end, this is at the expense of
a satisfactory fit to the majority of the other data points
at MUV > −20. Here the degeneracy between the faint-end
slope and the characteristic magnitude results in a similarly
bright M∗ = −21.03+0.37−0.50 to that found by Bouwens et al.
(2015). This comparison illustrates the importance of wide
area, ground-based data in constraining the bright end of
the LF at high redshift.
In conclusion, we find that a double-power law remains
the best-fitting functional form to the data at z' 7. Further-
more, our results favour a smooth evolution in the character-
istic magnitude from MUV '−21 at z= 5 (van der Burg et al.
2010; Bouwens et al. 2015) to MUV ' −20 at z = 8 (Oesch
et al. 2012; McLure et al. 2013; Schenker et al. 2013; Schmidt
et al. 2014). While we find evidence for strong evolution in
the number densities of galaxies around the knee of the rest-
MNRAS 000, 1–25 (2016)
16 R. A. A. Bowler et al.
Table 3. The best fitting DPL and Schechter function parameters
obtained by fitting our new LF determination and the McLure
et al. (2013) results. The upper part of the table shows the re-
sults when ground-based objects are considered as one galaxy in
the analysis. In contrast, the lower part shows the results when
multiple component objects are instead split into several com-
ponents that are treated as distinct galaxies. The DPL is for-
mally the best-fitting function in both cases. The columns show
the characteristic absolute magnitude (M∗) followed by the corre-
sponding characteristic number density (φ∗) and faint-end slope
(α. For the DPL parameterisation we also show the best-fitting
bright-end slope, β .
M∗ φ∗ α β
/mag /mag/Mpc3
DPL −20.60+0.33−0.27 2.3+1.8−0.9×10−4 −2.19+0.12−0.10 −4.6+0.4−0.5
Sch. −20.49+0.17−0.17 4.2+1.7−1.3×10−4 −2.07+0.10−0.09 –
DPL −20.71+0.25−0.22 1.8+1.1−0.7×10−4 −2.22+0.10−0.09 −5.0+0.4−0.5
Sch. −20.44+0.16−0.16 4.5+1.8−1.3×10−4 −2.05+0.10−0.09 –
Table 4. The binned rest-frame UV LF points for our sample
of bright z ' 7 LBGs initially selected in Bowler et al. (2014).
The LF analysis has been updated from that presented in Bowler
et al. (2014) using the results of our HST/WFC3 follow-up. As
in Table 3, the upper part shows the results when ground-based
selected objects are considered as one galaxy (as shown in Fig. 6).
The lower part shows the results when multiple component ob-
jects are instead split into separate ‘galaxies’ (Section 5.3). The
first and second column show the absolute magnitude range and
weighted centroid for each bin, followed by the derived number
density. The absolute magnitudes were calculated at a rest-frame
wavelength of 1500A˚.
MUV range MUV φ
/mag /mag /mag/Mpc3
−21.6<M <−22.1 −21.85 2.75±1.04×10−6
−22.1<M <−22.6 −22.40 1.16±0.58×10−6
−22.6<M <−23.1 −22.86 3.59±2.54×10−7
−21.55<M <−21.8 −21.66 4.25±1.90×10−6
−21.8<M <−22.3 −22.03 1.72±0.70×10−6
−22.3<M <−22.8 −22.56 1.87±1.87×10−7
frame UV LF from z = 5 to z = 7, we find little evolution
for the brightest MUV <−22 LBGs, which have an approxi-
mately constant number density of φ ' 1×10−6mag−1Mpc−3
over this redshift range (Bowler et al. 2015).
5.3 Individual components
In the LF analysis presented in Fig. 6, we have classified
each ground-based galaxy as a single object due to the close
separation of the clumps (< 10kpc) and their consistent pho-
tometry (Section 3.1). If we interpret the identifiable clumps
as merging galaxies however, then the derived luminosity
function points would change. Using the SExtractor de-
blended objects and assuming the MAG AUTO as the total
magnitude for each individual clump, the resulting LF points
instead follow a steeper decline as shown in Fig. 7. In this
case, the brightest ground-based galaxies in our sample, that
appear as multiple-component objects at HST/WFC3 reso-
Figure 7. The rest-frame UV LF at z ' 7 from this work cal-
culated from the individual components of each ground-based se-
lected galaxy (open black circles). The red circles show the results
when multi-component galaxies are instead plotted as single ob-
jects (as shown in Fig. 6). Previous LF results are described in the
caption to Figure. 6, and the solid black line and dotted line show
respectively the best-fitting DPL and Schechter functions when
fitted to the LF points derived from the individual component
analysis.
lution, are split into several fainter ‘galaxies’ and hence the
number densities at bright magnitudes are reduced. While
the brightest galaxy in our sample (ID304416) splits into
two objects of comparable luminosity, the majority of our
brighter objects have a dominant component and a fainter
part (with MUV . −21.5; e.g. ID169850 and ID65666). As
a consequence the faint-end of our LF determination is in
good agreement with the previous results calculated from
the full ground-based object. The results of functional fit-
ting to the individual component results show that a DPL
remains the formally best fitting function. We find that the
best-fitting DPL and Schechter function parameters (shown
in Table 3) are consistent with the previous fits presented
in Fig. 6, however for the individual component analysis we
find a steeper best-fitting bright-end slope for the DPL fit.
Although the LF determinations agree within the errors, the
number counts of the very brightest LBGs (MUV '−23) dif-
fer significantly between the two approaches, with essentially
no ‘galaxies’ brighter than MUV ' −22.6 when the individ-
ual components are considered separately. When comparing
LFs derived from ground and space-based searches at the
bright-end therefore, caution must be taken to treat multi-
ple component galaxies in a consistent way. We note that
in the Bouwens et al. (2015) sample, individually selected
objects are grouped into a single galaxy if the centroids are
within 0.5arcsec. This condition would be insufficient for
several galaxies in our sample where the components are
separated by ' 1arcsec. An inspection of the Bouwens et al.
(2015) catalogue at z = 7 however, shows that there are no
galaxy pairs with separations in the range ' 0.5–1.5arcsec,
indicating that such systems are rare amongst the fainter
galaxies found within HST data. Similarly to obtain mean-
MNRAS 000, 1–25 (2016)
HST/WFC3 imaging of bright z' 7 LBGs 17
ingful comparisons to galaxy evolution simulations (e.g. via
a comparison of the LF; see Bowler et al. 2015) it is clearly
important to ensure that merging or clumpy galaxies are se-
lected and characterised using the same methodology as the
observations.
6 GALAXY SIZES
The HST/WFC3 imaging of z ' 7 LBGs presented in this
paper provides the first high-resolution imaging of a sam-
ple of z > 6.5 star-forming galaxies in the magnitude range
−23 . MUV < −21. The imaging allows the first robust ex-
ploration of the galaxy sizes in a previously unexplored
magnitude regime at z ' 7. As illustrated in the postage-
stamp images in Fig. 5 however, the sample shows a range of
morphologies, including multiple-component, clumpy galax-
ies. The measurement of sizes is therefore complicated in
comparison to samples of fainter, generally compact and
single component galaxies explored previously (e.g Oesch
et al. 2010). In this section we discuss different methods for
measuring galaxy sizes for our sample using SExtractor,
GALFIT and a curve-of-growth analysis.
6.1 Size measurements
We first explored the standard technique of using SExtrac-
tor to measure the half-light radius of high-redshift LBGs
(e.g. Jiang et al. 2013b; Grazian et al. 2012; Oesch et al.
2010). SExtractor calculates the half-light radius (r1/2)
in circular apertures, with reference to the total flux calcu-
lated with Kron-type elliptical apertures (FLUX AUTO).
As discussed by several authors (Curtis-Lake et al. 2016;
Huang et al. 2013; Grazian et al. 2012), SExtractor tends
to underestimate the half-light radius at large input galaxy
sizes, due to low-surface brightness emission being unac-
counted for in the calculation of the total magnitude. An
additional concern for our sample in particular, is the de-
blending of clumpy objects into multiple galaxies performed
by SExtractor. We require a measurement of the size of
the full clumpy galaxy or merging system and hence the
fiducial SExtractor sizes cannot be simply utilized in our
analysis. The sizes of the de-blended individual components
of the galaxies by SExtractor were retained however, and
compared to other methods described below.
We also explored using GALFIT, which provides an
alternative, parametric, method to determine galaxy sizes
by fitting simple 2D galaxy profiles to the data. GAL-
FIT derived sizes are also commonly used at high red-
shift (e.g. Shibuya et al. 2015a; Huang et al. 2013; Ono
et al. 2012; Law et al. 2012). Typically, single Se´rsic pro-
files are assumed, where the intensity is parameterised as
I(R) ∝ e(−k(R/R1/2)
1/n) with a particular Se´rsic index n (n = 1
gives an exponential disk profile, and n= 4 gives the de Vau-
coleurs profile generally found for elliptical galaxies). As for
SExtractor, a disadvantage of using GALFIT to deter-
mine the sizes of galaxies in our sample is that it provides
half-light radii for the individual components, rather than
the full galaxy. Furthermore, we do not have sufficient signal-
to-noise to constrain the Se´rsic index for each component
and hence a Se´rsic index must be assumed as is standard
practice at high-redshift (typically n = 1.0, e.g. Ono et al.
2012 or n= 1.5, e.g. Oesch et al. 2010; Shibuya et al. 2015a).
Inspecting the residuals from single Se´rsic profile fitting with
GALFIT with a fixed n = 1.5, we find that this profile does
not provide a good fit to the full sample due to the extended
clumpy emission (see also Ribeiro et al. 2016). Instead we
seek a non-parametric method to measure the individual
galaxy sizes.
We therefore choose to estimate the sizes for our sample
using a non-parametric half-light radius measure, obtained
from the curve-of-growth for each galaxy. We measure the
flux in progressively larger circular apertures centred on the
barycentre of the system (Equation 1), simply identifying
the radius of an aperture that contains half of the total flux,
where the total flux was measured in apertures of diameter
2 or 3 arcsec as motivated in Section 5.1. The COG method
is very similar to that employed by SExtractor, however
it allows full flexibility to mask components identified to be
at low-redshift, to centre the apertures appropriately and to
determine the total flux of the galaxy in larger apertures.
Low-redshift galaxies close to the line-of-sight to the central
LBGs were masked using the SExtractor segmentation
map, where individual SExtractor objects were associ-
ated with the ground-based z ' 7 galaxy within a radius
of 1 arcsec. Extended flux beyond the SExtractor detec-
tion threshold in the outskirts of low-redshift galaxies in the
stamp was masked by growing the segmentation map by 2
pixels. We estimated and subtracted the median sky back-
ground determined from within an annulus of diameter 3 to
5 arcsec in the masked stamp. The uncertainty in the COG
r1/2 was calculated by perturbing the total magnitude ac-
cording to the magnitude error which, because of the large
radii used to contain the total flux, is the dominant source
of uncertainty in the measurement. Comparing our non-
parametric r1/2 from SExtractor and the COG method
we find good agreement for individual components and find
no evidence for a bias. Finally, the non-parametric measure-
ment of the half-light radius from the COG and SExtrac-
tor must be corrected for the effect of the PSF. To allow a
direct comparison with previous results (Oesch et al. 2010;
Jiang et al. 2013b), we correct for the PSF by subtracting
the r1/2 obtained from the PSF in quadrature. The valid-
ity of this approximation is discussed further in Section 6.3.
A high signal-to-noise point-spread function was created by
stacking unsaturated stars in our data. The J125+H160 stack
and the JH140 imaging have comparable PSFs, with half-
light radii of 0.13 arcsec and 0.14 arcsec measured by SEx-
tractor and the COG analysis respectively.
6.2 Individual galaxy sizes
Using the COG method we calculate the half-light radii of
the galaxies in our sample and plot them in Fig. 8. Reassur-
ingly at the faint-end of our sample (MUV '−21.5) we find
good agreement with the sizes derived from previous stud-
ies. The sample was split into single and multiple component
systems by visual inspection, with the multiple-component
galaxies highlighted in Table 2. For the brightest galaxies
that tend to appear as multiple component, clumpy, sys-
tems, we find considerably larger sizes (r1/2 > 1kpc) than for
the galaxies with a smoother, single component morphology.
The importance of clumpy or merging-type morphologies in
the brightest galaxies at z ' 7 is clear from Fig. 8, where
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Figure 8. The half-light radii of our galaxy sample, plotted
against the absolute UV magnitude. The sizes were measured
using a COG analysis and corrected for the affect of the PSF in
quadrature. Galaxies with multiple components suggestive of a
clumpy or merger-like system are highlighted as open circles. At
MUV >−21 we show the previous results from Oesch et al. (2010)
(purple triangles), Ono et al. (2012) (grey squares), Grazian
et al. (2012) (blue diamonds), Shibuya et al. (2015a) (navy tri-
angles), Kawamata et al. (2015) (salmon squares) and Curtis-
Lake et al. (2016) (green stars). Lines of constant SFR surface
density are shown as the dashed lines, ranging from ΣSFR = 1–
20M yr−1 kpc−2(assuming a Salpeter 1955 IMF).
these objects are consistently measured to have larger sizes.
The results also show the range of morphologies present in
the brightest objects, as for LBGs with MUV <−22.5, the de-
rived sizes range from 0.8kpc to ' 3kpc. The measured sizes
of the individual clumps in the multiple-component galaxies
are consistent with those of the ‘single component’ objects
at the luminosity of the clump.
For three LBGs imaged with HST, the size is consistent
with a point source within the errors (ID104600, ID35327
and ID271028). These galaxies are amongst the faintest in
the sample, and hence the sizes are more uncertain, however
we inspected the SED fits for these objects to identify any
potential brown dwarf contamination. We find that a high-
redshift galaxy SED is preferred to that of a brown dwarf
in each case. While the measured sizes are consistent with
the galaxies being unresolved at HST/WFC3 resolution, in-
spection of the imaging available shows extended or elon-
gated emission for these objects. It is therefore unlikely that
they are brown dwarfs, although it cannot be completely
excluded with the current data. An alternative explanation
for the compact emission for example in ID104600, which
has the smallest r1/2 measured in our sample, could be the
presence of an Active Galactic Nuclii (AGN). The faint-end
of the quasar luminosity function at z ' 7 is poorly con-
strained (Venemans et al. 2013), however by making realis-
tic assumptions about the form of the LF we expect < 1
low-luminosity high-redshift AGN in our sample (Bowler
et al. 2014). Given the uncertainties in the faint-end slope of
the quasar LF at high-redshift however, the presence of one
quasar in our sample would not be unexpected (see Willott
et al. 2010).
6.3 Stacked profile
To determine the average properties of bright LBGs at ' 7
we created stacks of the galaxies in our sample. The range of
absolute magnitudes that were included in each stack is pre-
sented in Table 5. First, we simply stacked the 10 brighter
(MUV <−22.0) and 11 fainter (MUV >−22.0) LBGs irrespec-
tive of morphology (‘CR7’ was excluded because it does not
have imaging in consistent HST filters). Secondly, we cre-
ated a bright and a faint stack from the sub-set of galaxies
that show only single components in the imaging. Finally,
we created stacks from the ground-based data available to
provide a comparison to the new HST results. The stacks
were performed at the barycentre of each object, rather than
the peak flux, to attempt to recover the average profile of
the full extended system. Such an approach is also employed
for clumpy Hα emitters at lower redshift (e.g. Nelson et al.
2016). To create the stacks, background-subtracted cut-outs
of each object were centred to the sub-pixel centroid by sub-
sampling the data by a factor of 100, using a bilinear inter-
polation. The individual centred stamps were then median
stacked, with the errors at each radius calculated from the
standard error on the mean.
The surface-brightness profiles for the six stacks are
shown in Fig 9. The stack of the ground-based UltraV-
ISTA data shows that the brightest galaxies in the sam-
ple are clearly resolved even under ' 0.8 arcsec seeing (as
expected from the sizes measured in Bowler et al. 2014),
with the fainter objects also appearing marginally resolved.
The fact that the galaxies are resolved in the ground-based
data is encouraging for future wide-area searches for high-
redshift galaxies, for example in the full VISTA VIDEO sur-
vey (Jarvis et al. 2013), where contaminant brown dwarfs
significantly exceed the surface densities of LBGs (Bowler
et al. 2015). The difference in size between the fainter
and brighter samples found in the ground-based data is
confirmed with the improved spatial resolution provided
by HST/WFC3. When all galaxies are included in the stacks
(single and multiple systems), we find the brightest objects
are highly extended with flux visible to a radius of 1.5 arc-
sec. The fainter stack however appears compact although it
is clearly resolved by HST/WFC3. The resulting stacked im-
ages can be fitted with a Se´rsic profile. The half-light radii
of the stacked profiles obtained using both GALFIT and
the COG analysis are shown in Table 5. GALFIT returns
the effective radius along the semi-major axis, and hence we
circularize this radius using the axis ratio (r1/2 = re
√
b/a).
Errors on the sizes were obtained by created multiple stacks
using bootstrap resampling with replacement. We present
the 68 percent confidence interval on derived parameters,
obtained from the resulting probability distributions. Reas-
suringly, the half-light radius obtained from the bright stack
of galaxies in the HST data is consistent with that obtained
by fitting to the ground-based stack (r1/2 = 1.9kpc with a
fixed n = 1.5). The Se´rsic indices are poorly constrained by
our data due to the range of input morphologies. However
the distribution of Se´rsic indices peaks around n = 1.5 as is
commonly assumed at high redshift, with a longer tail to
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Figure 9. The surface-brightness profiles for stacks of our sample of bright z ' 7 LBGs. The left-hand plot shows the results from the
ground-based UltraVISTA data, while the central and right-hand plot shows the results from HST/WFC3 imaging. The PSF for each
dataset is shown as the red line, and the surface-brightness limit for each stack is shown as the horizontal dashed line. The bright sub-set
of the data with MUV .−22 is shown as blue circles, and the stack for the fainter objects is shown with open black circles. The best-fitting
Se´rsic model fit for the HST/WFC3 stacks are shown as the solid blue or black line for the brighter and fainter sub-sets respectively.
The peak surface-brightness of the stacks of fainter galaxies have been scaled to match that of the brighter stack in each figure.
Table 5. The measured half-light radius and Se´rsic index for the stacks shown in Fig. 9. The errors were calculated from bootstrap
resampling with replacement. The upper rows show the results from stacks including all galaxies irrespective of visual morphology. In the
lower rows we present the results from stacking only the single component objects. The first column shows the stack name, followed by
the magnitude range of galaxies in the stack. The half-light radius obtained from a COG analysis (corrected for the PSF in quadrature)
is shown in the 3rd column, followed by the circularized half-light radius and Se´rsic Index obtained from GALFIT for the stack. In the
final column we show the number of galaxies included in each stack.
Stack Name Magnitude Range r1/2/kpc COG r1/2/kpc GALFIT Se´rsic Index Number
All galaxies (single + multiple comp.) −22.0<MUV <−21.0 0.78+0.18−0.11 0.57+0.14−0.12 1.3+1.2−0.3 11
All galaxies (single + multiple comp.) −23.2<MUV <−22.0 2.30+0.21−0.76 2.07+0.39−0.81 1.3+2.1−0.3 10
Single Component Galaxies −21.9<MUV <−21.0 0.65+0.10−0.16 0.51+0.10−0.12 1.6+0.8−0.5 6
Single Component Galaxies −22.5<MUV <−21.9 0.92+0.14−0.19 0.65+0.09−0.17 1.7+1.5−0.2 6
higher values. As illustrated in Fig. 9, we find a large differ-
ence in the average profile between galaxies at MUV '−21.5
and MUV '−22.5, with the average half-light radius increas-
ing by a factor of ' 3. If instead we only stack those objects
which show little evidence for clumps or interactions (i.e. the
single component galaxies), we find that the brighter and
fainter stacks are have similar sizes with r1/2 ' 0.5–0.9kpc.
The stacks visually show the strong effect on the derived
half-light radius that results from the inclusion of multiple-
component systems. While the fainter stacks in each case
(with or without multiple-component galaxies) show sim-
ilar sizes, the brighter stack has a half-light radius more
than twice that of the similarly bright, single component
objects. This indicates that clumpy/merging systems are
particularly important at the very bright-end of our sam-
ple (MUV <−22.5), which we discuss further in the context
of the size-luminosity relation in the next section.
6.3.1 Correcting the size measurements for the PSF
As shown in Table 5, the half-light radii obtained from sin-
gle Se´rsic profile fitting with GALFIT are systematically
smaller than those obtained with the COG non-parametric
method. The COG sizes were corrected for the PSF smooth-
ing by subtracting the half-light radius of the PSF in quadra-
ture (r2int = r
2
obs− r2PSF), an approach that has been used by
several studies at high redshift (Oesch et al. 2010; Jiang
et al. 2013b). This prescription is analytically valid for
the convolution of two Gaussian profiles, however as shown
by Curtis-Lake et al. (2016), this approximation is not suffi-
cient in the case of a PSF that shows extended wings when
using a COG-like size measurement. The PSF wings act to
distribute light from the compact galaxy profile to larger
radii, resulting in a larger observed r1/2 than that obtained
after convolution with a Gaussian function. The result is
that for a given input Se´rsic profile, there is an approxi-
mately constant offset between the output sizes after the
simple quadrature correction, compared to the input value
(see figure 1 of Curtis-Lake et al. 2016). The COG measured
sizes presented in this paper therefore represent upper limits
on the likely r1/2 measurements for the sample. The addi-
tional correction beyond the simple quadrature subtraction
presented above depends on the underlying galaxy light pro-
file and on the aperture diameter used to approximate the
total flux of the object. We investigate the dependencies of
the offset for the galaxies in our sample using simple model
Se´rsic profiles and the empirically derived PSF. In agreement
with Curtis-Lake et al. (2016), we find that if the stack is a
simple n = 1.5 Se´rsic model, then the sizes measured using
the COG (and corrected for the PSF in quadrature) also
require an additional correction to smaller sizes of around
' 30 percent. Such a correction would result in good agree-
ment between the sizes derived for the stacks from GALFIT
and the COG analysis. Due to the unknown underlying mor-
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phology for the stacks however (as illustrated by the large
errors on the Se´rsic Index), the exact correction is uncertain,
and hence we present both size measurements to represent
a realistic range in the likely r1/2 for the average profile of
bright z' 7 LBGs.
6.4 The size-luminosity relation
Using the stacked profiles we are able to measure the av-
erage sizes of LBGs at z ' 7 to bright (MUV < −22) magni-
tudes for the first time, hence extending the baseline for ex-
ploring the size-luminosity relation. The size-luminosity re-
lation is typically parameterised as a simple power-law, with
r1/2 ∝ L γ , with typical values of γ ∼ 0.2–0.3 for star-forming
galaxies at low redshift (e.g. Shen et al. 2003, see discussion
in Huang et al. 2013). At z ' 4–6, the slope of the size-
luminosity relation has been constrained to γ ∼ 0.2 (Huang
et al. 2013; Curtis-Lake et al. 2016). At z ' 7 however, the
slope of the relation is uncertain, due in part to the re-
duced luminosity range available in samples derived using
relatively small area HST surveys. For example, using the
CANDELS data, Curtis-Lake et al. (2016) found a shallow
relation similar to that at lower redshifts (γ = 0.19± 0.38)
whereas Grazian et al. (2012) found evidence for a signifi-
cantly steeper size-luminosity relation (with r1/2 ∝ L1/2). In
a comparable study to this work at z' 6, Jiang et al. (2013b)
found a flat size-luminosity relation when including galaxies
as bright as MUV ' −22.5, with a slope of γ = 0.14± 0.03.
In the sample of bright z ' 7 galaxies presented in this pa-
per, we have found several galaxies that show multiple com-
ponent, clumpy morphologies that could be interpreted as
merging systems. If these objects are in a transitional merg-
ing state, then for comparison to disk or early-type galaxies
at lower redshift (where irregular morphologies are uncom-
mon, e.g. Buitrago et al. 2013 and Mortlock et al. 2013)
they should be excluded from the size-luminosity relation.
Typically at high redshift, multiple-component galaxies have
either been too rare in the sample to dramatically effect
the relation (Oesch et al. 2010) or they have been removed
from the size-luminosity relation analysis as atypical ob-
jects (Jiang et al. 2013b). In the calculation of the size-mass
relation at z ' 2–3, Law et al. (2012) use the size of the
brightest component as a proxy for the galaxy size in the case
of multiple distinct components. An alternative approach
presented in Kawamata et al. (2015), is to fit a single Se´rsic
profile to galaxies with multiple cores. We therefore present
the results of our size measurement of z ' 7 galaxies both
with and without the inclusion of visually identified multiple
component galaxies and compare the results. In Fig. 10 we
show the sizes derived from using the COG measurement on
the stacked galaxy profiles, compared to those from results
derived in the UDF (Ono et al. 2012; Oesch et al. 2010), the
HFF (Kawamata et al. 2015) and with CANDELS (Grazian
et al. 2012; Shibuya et al. 2015a; Curtis-Lake et al. 2016).
Given the uncertainties in the PSF correction to the galaxy
size, the COG results should be considered upper limits. For
the faintest bin, we find good agreement with the sizes de-
rived from fainter studies, indicating that there is no strong
size-luminosity relation apparent faint-ward of MUV ' −22.
Comparing our results at MUV = −21.5 derived with GAL-
FIT with previous studies at MUV '−20.5 however, we find
a slight tension (at the 2σ level) with the brightest bin de-
rived by Grazian et al. (2012) and Curtis-Lake et al. (2016).
When including the multiple-component objects in addition
to those with smoother profiles, we find significantly larger
sizes at the bright end of the sample with a rapid increase
in r1/2 observed brighter than MUV .−22.5 or equivalently,
a SFR> 25M yr−1.
Fitting a power-law to our results combined with those
from previous studies at fainter magnitudes provides a rough
estimate of the slope of the z ' 7 size-luminosity relation.
To provide two independent estimates of the slope, we fit
our derived r1/2 values obtained from the stacks using either
GALFIT or SEXTRACTOR/COG separately, coupled with
previous results at fainter magnitudes that used a similar
methodology. For our GALFIT results we fit to the points
from Ono et al. (2012), Kawamata et al. (2015) and Shibuya
et al. (2015a) and for the SExtractor/COG method we
include the points from Oesch et al. (2010), Grazian et al.
(2012) and Curtis-Lake et al. (2016). The resulting fits
are shown in Fig. 10. When considering only the single-
component galaxies we find a gradient of 0.14± 0.08 for
the non-parametric method (γ = 0.22±0.10 using GALFIT).
This slope is consistent with the previous results at z = 4–6,
which show γ ' 0.25 (Curtis-Lake et al. 2016; Shibuya et al.
2015a; Jiang et al. 2013b; Huang et al. 2013). The slope of
our size-luminosity relation is also in good agreement with
the results at z ∼ 7 from Shibuya et al. (2015a) who found
γ = 0.26± 0.06 (see their figure 10). The similar gradient
obtained from the two size measurement methods indicates
that there is a systematic difference in sizes obtained using
the two methods over a range of magnitudes, potentially due
to the uncertainties in the PSF correction. Our results are
unchanged if we exclude the LAEs CR7 and Himiko, and
the LBG with a best-fitting photometric redshift at z < 6.5
(without Lyman-α in the fitting).
If we fit to the full sample, including the multiple com-
ponent systems, we find a steeper gradient of γ = 0.50±0.07
for the COG method (γ = 0.49± 0.08 for GALFIT) more
consistent with the results of (Grazian et al. 2012). Bright-
ward of MUV ∼−22.5 we find a sharp increase in the average
size of the LBGs in our sample. It is therefore unsurpris-
ing that we find good agreement with the gradient of the
size-luminosity relation found by previous studies, as they
were typically limited to fainter galaxies found within HST
survey data. Our results are also consistent with the shallow
size-luminosity relation found in studies of brighter galaxies
at z= 4–5 by Huang et al. (2013) and at z' 6 by Jiang et al.
(2013b), as the samples considered in these studies were lim-
ited to MUV > −22.5. Finally, in the Huang et al. (2013)
study, sizes were measured assuming single Se´rsic profiles,
which will result in a smaller measured galaxy size in the
presence of multiple components, than would be obtained
with our non-parametric method.
7 DISCUSSION
The dependence of the measured average sizes and the de-
rived size-luminosity relation on the treatment of multiple
component, clumpy galaxies, is clear from Fig. 10. Previ-
ous studies of the sizes and morphologies of high-redshift
LBGs have tended to focus on the more numerous, but
fainter galaxies found within the relatively small area sur-
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Figure 10. The size-luminosity relation at z ' 7. The results of
this work are shown as the red circles bright-ward of MUV =−21.
The half-light radii were derived from the stacked profiles dis-
played in Fig. 9 using the COG analysis. Open circles show the
results when all galaxies are included regardless of visual morphol-
ogy, and the maroon circles show the results when only single com-
ponent galaxies are considered. The best-fitting size-luminosity
relation to two sets of stacked points are shown as the solid red
and maroon lines. Previous results are shown as in Fig. 8. The
grey dashed lines show the lines of constant star-formation surface
density in the range ΣSFR= 1–20M yr−1 kpc−2.
veys from HST. Within these surveys, several authors have
noted the presence of disturbed and clumpy morphologies
(e.g. Oesch et al. 2010; Jiang et al. 2013b), however these
objects have been sufficiently rare to impact the derived size-
luminosity relation. At the very bright end of our z' 7 sam-
ple however, we find that objects with distinct components
resolvable by HST/WFC3 become increasingly common and
dominate at MUV <−22.5. If these objects had been selected
in high-resolution HST/WFC3 data, they would have ini-
tially been de-blended by SEXtractor into several distinct
components, rather than classified as a single galaxy as in
our ground-based selection. It is therefore clear that for the
bright galaxies in our sample, the imaging resolution and the
methodology used to classify a single galaxy can have a sig-
nificant impact on the derived size-luminosity relation and
the galaxy luminosity function. As we argue in Section 5,
the multiple components observed in the brightest galaxies
in our sample are very likely to be physically associated,
due to the close separation and the enhanced luminosity
of the components compared to in the field. In this case,
the selection of the brightest galaxies in ground-based imag-
ing provides an advantage over higher resolution data, as
it clearly associates clumps that would have been resolved
into separate components with HST. While the close phys-
ical separation of the multiple components we observe im-
plies that they occupy the same dark-matter halo at z ' 7,
the classification of a single galaxy in simulations of struc-
ture formation will depend on the algorithm used to group
star particles and on the formation mechanism. For exam-
ple, if the clumps are formed as part of a gas-rich disk or in
the merger of two galaxies, this will impact the underlying
structure (such as a diffuse disk-like component, or bridges
of stars) that is present in the simulations but is beyond the
depth and resolution limit of our data. In future comparisons
to simulations, it is therefore essential to treat clumpy galax-
ies in a consistent way to provide a meaningful comparison
to the observed z' 7 rest-frame UV LF and size-luminosity
relation, particularly at the bright end.
7.1 Clumpy star formation or merging systems?
We find that the brightest z ' 7 galaxies in our sample are
composed of multiple components, suggestive of clumpy star
formation or merging galaxies (Fig. 5). Using deep optical
imaging from the ground-based imaging and HST/ACS we
can confirm that the individual components are at z > 6,
however with the currently available data it is not clear
whether the observed clumps are formed in-situ or as part
of an interaction. Irregular and clumpy galaxies become in-
creasingly common at higher redshift, with the fraction of
clumpy galaxies rising from z ' 1 to z ' 3 (e.g. recent work
by Guo et al. 2015; Shibuya et al. 2015b). While the clumps
can be embedded in a larger structure or disk (e.g. Law et al.
2012), there are samples of star-forming galaxies such as the
clump-cluster objects selected by Elmegreen et al. (2005,
2009) that appear visually similar to the bright galaxies in
our sample (see also Wuyts et al. 2012). The clumps detected
at lower redshift are generally thought to have formed by a
violent disk instability in gas-rich, turbulent disks, rather
than by major mergers (see Shapley 2011). For the bright,
visually disturbed and clumpy galaxies in our sample, we
find widely separated components that are resolved by HST.
The ‘clumps’ found in our z' 7 LBGs contain the majority
of the galaxy flux, whereas on average at z' 2–3 clumps con-
tribute . 30 percent of the total galaxy luminosity, with the
maximum clump contribution of ' 50 percent (Guo et al.
2015). If instead the clumps were part of a diffuse disk com-
ponent of r = 4.0kpc that contained 70 percent of the galaxy
flux, this disk component would be identifiable in the images,
which have a surface-brightness limit of & 26.0mag/arcsec2
(see Fig. 5). While there are several cases in lower-redshift
samples where the clumps also contribute a large fraction
of the galaxy luminosity (e.g. Livermore et al. 2015), it is
plausible that at z ' 7, star-formation clumps more typ-
ically dominate the luminosity of the galaxy due the in-
creased cold-gas fraction at high redshift (e.g. Mandelker
et al. 2017). Finally, we note that the measurements of size
and morphology at z ' 7 currently available are based on
the rest-frame UV emission, which can appear significantly
more clumpy than at longer wavelengths (e.g. Wuyts et al.
2012). The James Webb Space Telescope will provide the
first high-resolution view of the rest-frame optical emission
of these early galaxies, allowing a unique insight into the
spatial distribution of the underlying stellar mass and the
star-formation via the rest-frame optical nebular emission
lines such as Hα.
Instead the multiple-component galaxies in our sam-
ple could be interpreted as merging systems. The individual
components observed in the brightest galaxies are separated
by up to ∼ 5kpc, have luminosities from L ' 2.5–7L∗ and
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show sizes that are consistent with fainter galaxies. Using the
Illustris simulation, Rodriguez-Gomez et al. (2015) showed
that the major merger rate at z' 7 is around ∼ 1Gyr−1 for
the most massive galaxies (M > 1010M). Given that the
merger visibility timescale is typically in the range of 400-
500 Myrs from simulations (Lotz et al. 2010a) and is pre-
dicted to rise at high-redshift where galaxies are more gas
rich (Lotz et al. 2010b), it is feasible that we are observing
multiple merging systems in the brightest galaxies at z∼ 7.
The interpretation of these galaxies as merger-driven star-
bursts would provide a natural explanation for the bright
magnitudes at which they are observed. In the local Uni-
verse, galaxies in the process of merging are observed to
have an increase in the SFR of the system (by a factor of
∼ 1.8 or 0.6 mag; Scudder et al. 2012). If we are observing
the merger of two L∗ galaxies, then the increase in the SFR
induced by the interaction could boost the luminosity of the
system and hence increase the observed number density of
LBGs at the bright-end of the LF. Future work comparing
to simulations of high-redshift galaxy formation would be in-
structive to determine whether the observed clumps in our
sample likely originate from mergers or instead are formed
in-situ at z ' 7, and hence determine whether mergers are
the main driver for the power-law decline we observe at the
bright-end of the rest-frame UV LF.
Finally we note that the most star-forming galaxies are
likely to arise in the highest density regions at z' 7 (e.g as
highlighted by clustering measurements, e.g. Harikane et al.
2016; Barone-Nugent et al. 2014; McLure et al. 2009), and
fainter galaxies should therefore be more highly clustered
around brighter objects. For the intrinsically brightest LBG
in our sample, ID169850, we find a companion galaxy with
a consistent photometric redshift (ID170216) only 40 arcsec
away (∼ 200kpc proper distance), in comparison to the next
nearest LBG at z∼ 7 which is separated by over 12 arcmin.
7.2 Star-formation rate surface density
The galaxy size and rest-frame UV luminosity can be used to
calculate the SFR surface density, ΣSFR, at high redshift. To
provide a lower-limit on the ΣSFR of our sample, we use the
SFRs calculated directly from the rest-frame UV luminos-
ity assuming no dust extinction (Madau et al. 1998; Kenni-
cutt 1998). This conversion assumes a Salpeter (1955) IMF3,
which we use for comparison to previous results. Using sam-
ples of fainter z ' 7 LBGs found within the UDF, Oesch
et al. (2010) and Ono et al. (2012) derived a range of SFR
surface density spanning ΣSFR= 1–10 M yr−1 kpc−2. Simi-
larly, Kawamata et al. (2015) found a weighted-log-average
value of ΣSFR= 4.1 M yr−1 kpc−2 for a sample of lensed
galaxies. In Fig. 10 we show the lines of constant ΣSFR com-
pared to the sizes and luminosities of galaxies in our sample.
We find only a shallow evolution in the size of z' 7 LBGs to
bright magnitudes, and hence the implied SFR surface den-
sity of the galaxies is increased (ΣSFR' 5–20 M yr−1 kpc−2).
Our results are consistent with the higher values derived in
samples of brighter z= 6–10 galaxies found within the CAN-
3 Dividing the SFRs by a factor of 1.6 converts to a Chabrier
(2003) initial mass function (IMF).
DELS and other HST fields (Shibuya et al. 2015a; Holwerda
et al. 2015).
While the brightest objects in our sample show large
sizes and hence lower ΣSFR values, the sizes are driven by the
separation of bright clumps, not the surface brightness. The
SFR surface density derived from the individual components
of the clumpy/merging galaxies are similar to the single com-
ponent galaxies in our sample, indicating that the brightest
galaxies (and the dominant SF clumps within them) show
a higher ΣSFR on average, than that found in previous stud-
ies of fainter galaxies at z ∼ 7. The higher implied ΣSFR for
the individual components of the multiple-component galax-
ies supports our conclusion that the clumps are in a physical
association, where the environment (either in an intense star
burst or due to a merging process) is impacting the density
of star formation. Both Oesch et al. (2010) and Ono et al.
(2012) found an approximately constant SFR surface density
of ΣSFR' 3M yr−1 kpc−2 independent of galaxy luminosity
in the range studied (L = 0.3–1L∗z=3). Here the luminosity
is expressed as a multiple of the characteristic luminosity
at z = 3, which corresponds to M∗ = −21.0 (Steidel et al.
1999). These previous studies concluded that the dominant
driver of the observed size-luminosity relation was an in-
crease in galaxy size, with an approximately constant ΣSFR.
Using the larger dynamic range provided by our sample of
luminous LBGs at z' 7, we instead find that the sizes of the
brightest LBGs (or the dominant SF clumps within multiple-
component objects) show little trend with luminosity. Hence,
we find that the inferred SFR surface density is higher for
the brightest LBGs at z ' 7 which have luminosities in the
range ' 1–7L∗z=3, and that an evolution in ΣSFR is the main
driver of the observed flat size-luminosity relation. Shibuya
et al. (2015a) similarly conclude that there is an evolution
in the average SFR surface density with luminosity or star-
formation rate at z' 7, with the median values for their sam-
ple increasing from ΣSFR' 3+9−2 M yr−1 kpc−2 at 0.12–0.3L∗z=3
to ΣSFR' 14+36−10 M yr−1 kpc−2 in the brightest objects (1–
10L∗z=3). At z' 1–3, an observed ΣSFR& 10 M yr−1 kpc−2 is
found predominantly in starburst, merging or infrared se-
lected galaxies (e.g. Daddi et al. 2010; Genzel et al. 2010; see
figure 8 of Kawamata et al. 2015), and it is plausible that
the brightest (in the rest-frame UV) z' 7 LBGs studied here
are similarly undergoing an unusually violent episode of star
formation as compared to fainter galaxies.
8 CONCLUSIONS
In this work we present new, high-resolution, HST/WFC3
imaging of the brightest star-forming galaxies at z' 7. The
galaxy sample was initially selected by Bowler et al. (2012,
2014) from the ground-based UltraVISTA/COSMOS and
UDS/SXDS fields. By combining our Cycle 22 HST/WFC3
imaging with archival data and imaging from the CAN-
DELS survey, we present a complete analysis of the high-
resolution HST data available for the galaxies in the orig-
inal Bowler et al. (2014) sample. This consists of imaging
for 25 LBGs at z' 7 in the magnitude range −23.2<MUV .
−21.0. Our main conclusions are:
(i) The brightest z' 7 LBGs show a range of visual mor-
phologies including apparently smooth single component
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profiles and extended and highly clumpy objects. We find
that multiple-component systems account for > 40 percent
of sample, in agreement with other studies of bright LBGs
at z < 7. In the most luminous galaxies (MUV < −22.5) we
find that multiple-component galaxies, suggestive of merg-
ing galaxies or clumpy star-formation, are ubiquitous. The
brightest LBGs studied here are up to 1mag brighter in the
continuum than the LAEs ‘CR7’ and ‘Himiko’, and show
similarly extended, clumpy morphologies.
(ii) At the faint-end of our sample, the independent pho-
tometry enabled by the new HST data has revealed a new
artefact in the VISTA/VIRCAM imaging caused by cross-
talk between the CCDs. The cross-talk artefact accounts for
three of the original sample of 30 Lyman-break galaxy can-
didates selected in the UltraVISTA data in Bowler et al.
(2014), and must be considered in future selection of faint
objects using deep VIRCAM imaging.
(iii) A deconfusion analysis of the deep Spitzer/IRAC
[3.6µm] and [4.5µm] data in the fields shows evidence for
strong (EW0(Hβ+[OIII])> 600A˚) rest-frame optical nebular
emission lines in the brightest z' 7 LBGs.
(iv) We recalculate the rest-frame UV luminosity func-
tion from the Bowler et al. (2014) sample using the
new HST/WFC3 data, accounting for the VISTA/VIRCAM
artefact and measuring the total galaxy luminosity using
large (2–3 arcsec diameter) apertures. We find that a double-
power law remains the preferred functional form to fit the
bright-end of the z ' 7 rest-frame UV LF. The results sup-
port a smooth evolution in the characteristic magnitude of
∆M∗ ∼ 0.5 from z∼ 5 to z∼ 7.
(v) The half-light radii of the galaxies determined from
the HST/WFC3 imaging show a broad range from r1/2 =
0.2–3.2kpc when calculated with a non-parametric curve-
of-growth method. For the fainter galaxies that appear as
single components in our data we find half-light radii of
r1/2 ∼ 0.5kpc, consistent with previous analysis of fainter
LBGs. The brightest galaxies in our sample however, and
dominated by multiple-component systems and show signif-
icantly larger sizes (r1/2 > 2kpc).
(vi) We use stacked galaxy profiles to constrain the size-
luminosity relation at z ' 7. When considering only single-
component galaxies we find a shallow relation consistent
with previous results at lower-redshift, with r1/2 ∝ L0.1. How-
ever if we include multiple-component galaxies, we instead
find a significantly steeper slope consistent with r1/2 ∝ L0.5,
illustrating the importance of these irregular, clumpy, galax-
ies at the bright end of our sample.
(vii) The shallow size-luminosity relation we find for the
single-component galaxies and the individual star-forming
clumps shows that the brightest galaxies have higher SFR
surface densities compared to fainter objects at z ' 7. The
derived values of ΣSFR' 5–20M yr−1 kpc−2 are similar to
those found in starburst galaxies and merger systems at
lower redshift, indicating that the size-luminosity relation
at z' 7 is driven predominantly by a luminosity dependent
SFR surface density not a strong evolution in galaxy size.
In future, larger samples of similarly bright (and
brighter) galaxies at z > 6 will be selected from wide-area
surveys from, for example, Euclid (Laureijs et al. 2011) and
the Large Synoptic Survey Telescope (Ivezic et al. 2008).
The results of this work confirm that the number densi-
ties of the brightest (MUV ' −22.5) LBGs remain approx-
imately constant from z ' 5 to z ' 7 (Bowler et al. 2014,
2015), and that even within several degrees of imaging, we
find galaxies as bright as mAB = 24. These results are en-
couraging for upcoming surveys, with the most luminous
galaxies in our sample being detectable even in the shallower
‘wide’ component of the Euclid survey. Using our updated
DPL (Schechter) fit to the rest-frame UV LF we predict
that Euclid will detect 3100+1300−1200 (3300
+1200
−600 ) LBGs brighter
than mAB = 26 at z ' 7 in the ‘deep’ survey (40deg2; Lau-
reijs et al. 2011). The comparable number counts between
the DPL and Schechter parameterisation in this case re-
flects the similarity in these functions around L∗. In contrast
for the ‘wide’ component (15000deg2) we predict 2000+5000−1500
LBGs brighter than mAB = 24 from our DPL function fit,
and . 50 for the Schechter fit. We note that both the DPL
and Schechter functions underestimate the observed number
of LBGs at very bright magnitudes. If we simply take the
observed number density of galaxies brighter than mAB = 24
in our survey (1 galaxy over 1.65deg2), we predict ' 10000
LBGs in the Euclid ‘wide’ survey. Therefore it is evident
that wide area surveys will be able to clearly distinguish be-
tween the proposed functional forms for the z' 7 rest-frame
UV LF. Cool galactic brown dwarfs have surface densities
that outnumber high-redshift galaxies at bright magnitudes
(mAB < 25; Bowler et al. 2015; Ryan et al. 2011), and hence
are the dominant contaminant for bright LBG samples se-
lected over very wide areas. The large observed sizes of the
brightest LBGs in our sample however, reassuringly suggest
that the z' 7 LBGs detected by Euclid will be clearly spa-
tially resolved and be dominated by irregular, clumpy mor-
phologies.
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APPENDIX A: SIMULATIONS OF
MULTIPLE-COMPONENT GALAXIES
The results of our HST/WFC3 imaging of bright z' 7 LBGs
reveals a high prevalence of multiple-component, clumpy
systems at the bright-end of the sample. As the imaging is
of constant depth for each object, while the galaxy apparent
magnitudes differ by ' 2 mag, we must consider whether this
observation represents a genuine trend or is a result of the
varying signal-to-noise throughout the sample. In Fig. A1
we show the results of a simple simulation to investigate the
sensitivity of our observations to multiple components at
fainter magnitudes. For the four brightest LBGs in our sam-
ple we created a noise-free model using GALFIT. The best-
fit models are shown in the top row of Fig. A1, where the
stamps are scaled in an identical way to the real data shown
in Fig. 5. We also included the LAE Himiko (ID 88759)
in this analysis for comparison, as it shows a particularly
clumpy and extended morphology. We then progressively re-
duced the total apparent magnitude (measured in a large 3
arcsec diameter circle apertures) of each galaxy model, and
introduced authentic noise by injected the model into blank
regions of the HST/WFC3 J140 data.
If we first consider the galaxies in our sample brighter
than mAB < 25.0, our simulations show that multiple-
component galaxies similar to those found at the very bright-
end of our sample are detectable as multi-component or ex-
tended systems at slightly fainter magnitudes. This is in
contrast to the observed profiles of the LBGs in our sam-
ple with 24.5 < mAB < 25.0, which show relatively compact,
single-component morphologies (e.g. ID238225, ID304384,
ID185070) in addition to clumpy morphologies (ID30425,
ID28495). Smooth single component morphologies are not
represented in the simulations of the brightest galaxies
when dimmed to this fainter magnitude, suggesting that the
brightest galaxies do genuinely have a different morphology.
An alternative interpretation could be the effect of orienta-
tion, with the very brightest galaxies being the more ‘edge-
on’ systems. Larger samples of extremely bright LBGs are
clearly needed to constrain the trend of multiples with lu-
minosity, however with our sample we find that at the very
bright-end of our sample (MUV . −22.5) multiple compo-
nents do appear to be more prevalent than in fainter galax-
ies. This is in agreement with the results of Shibuya et al.
(2015b) who found some evidence for a trend with MUV in
the fraction of LBGs that show clumps.
For the faintest galaxies in our sample, with 25.0 <
mAB . 26.0, our simulations show that for ID304416,
ID169850 and ID279127 only the brightest peak in the
galaxy profile would be visible if it was at the faint-end of
our sample. This is a result of the flux in these objects being
distributed amongst several extended/irregular components
rather than compact discrete clumps. We are therefore only
sensitive to multiple-component morphologies at the faint-
end of our sample when the profile shows compact emission
such as for ID65666 and Himiko/ID88579.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Mock observations of multiple-component galaxies in our sample, as they would appear at fainter magnitudes. From left-
to-right the images show the brightest four galaxies in our sample in order of rest-frame UV magnitude, followed by the triple-merger
system Himiko (ID 88759), which shows a particularly clumpy morphology. The stamps are identical to those shown in Fig. 5 in their
scaling and size (3.0 arcsec on a side). The upper row shows the best-fitting GALFIT model to the galaxies, at the original apparent
magnitude. In the lower plots we show the results of dimming the galaxies to progressively fainter total magnitudes of mAB = 24.75 and
mAB = 25.5.
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